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ABSTRACT
M e t a l l a t i o n  o f  p r o t o p o r p h y r i n  d i m e t h y l  e s t e r  was 
i n v e s t i g a t e d  i n  a c e t o n e  a t  1 0 0 °  w i t h  m agnesium  i o n  a n d  i n  
w a t e r  ( 1 0  m o le  % ) - a c e to n e  a t  3 0 °  w i t h  c o p p e r  i o n .
The r e a c t i o n  i s  f i r s t  o r d e r  w i t h  r e s p e c t  t o  b o t h  t h e  
c o n c e n t r a t i o n s  o f  m agnesium  i o n  an d  p o r p h y r i n .  The r a t e  o f  
^magnesium i n s t a l l a t i o n  i n c r e a s e s  l i n e a r l y  a s  t h e  c o n c e n t r a t i o n  
o f  b a s e  c a t a l y s t ,  p y r i d i n e ,  i n c r e a s e s  a t  c o n s t a n t  c o n c e n t r a ­
t i o n  o f  l y a t e  i o n ,  w h ic h  i s  c o n t r o l l e d  e x p e r i m e n t a l l y  by 
m a i n t a i n i n g  t h e  c o n s t a n t  r a t i o  o f  p y r i d i n i u m  i o n - p y r i d i n e  a s  
1 / 5 .  I o n i c  s t r e n g t h  i s  a l s o  k e p t  c o n s t a n t  by u s i n g  so d iu m  
p e r c h l o r a t e .
O t h e r  a m in e s  w e re  a l s o  fo u n d  t o  c a t a l y z e  m agnesium  m e t a l ­
l a t i o n .  The a g re e m e n t  o f  m agnesium  m e t a l l a t i o n  w i t h  t h e  
B r o n s t e d  g e n e r a l  b a s e  c a t a l y s i s  law  i s  g o o d .
I t  i s  c o n c lu d e d  f ro m  t h e s e  two e x p e r i m e n t a l  r e s u l t s  t h a t  
m ag n e s iu m  m e t a l l a t i o n  e x h i b i t s  g e n e r a l  b a s e  c a t a l y s i s .
i i i
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B ased  on t h e s e  e x p e r i m e n t a l  f i n d i n g s ,  t h e  m echan ism  o f  
m agnesium  m e t a l l a t i o n  i s  d i s c u s s e d .  The f o l l o w i n g  r e a c t i o n  
schem e f i t s  t h e  e x p e r i m e n t a l  d a t a  v e r y  w e l l .  M agnesium  io n  
f i r s t  fo rm s  a  com plex  w i t h  p o r p h y r i n ,  f rom  w h ic h  p r o t o n s  a r e  
rem oved  s t e p  by s t e p  w i t h  t h e  a i d  o f  t h e  c a t a l y s t .  The 
r a t e - d e t e r m i n i n g  s t e p  i s  c o n s i d e r e d  f ro m  th e rm o d y n a m ic ,  
k i n e t i c  and  s t e r i c  p o i n t s  o f  v i e w ,  a n d  i s  c o n c lu d e d  t o  be  t h e  
s e c o n d  d e p r o t o n a t i o n .
The s a l t  e f f e c t  on m agnesium  m e t a l l a t i o n  i s  u n u s u a l .
The h i g h e r  t h e  i o n i c  s t r e n g t h ,  t h e  h i g h e r  t h e  r a t e  o f  m e t a l ­
l a t i o n .  The f o l l o w i n g  f o rm u la  i s  d e r i v e d  fro m  e x p e r i m e n t a l  
d a t a :
In k /k 0 = L / p
w h e re  c o e f f i c i e n t  L r e p r e s e n t s  t h e  s e n s i t i v i t y  o f  t h e  c a t a ­
l y s t  t o  t h e  r e a c t i o n ,  and  k Q i s  t h e  r a t e  c o n s t a n t  e x t r a p o l a t e d  
t o  z e r o  i o n i c  s t r e n g t h .
C opper m e t a l l a t i o n  was a l s o  i n v e s t i g a t e d ,  b u t  no 
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I  w o u ld  l i k e  t o  e x p r e s s  my a p p r e c i a t i o n  t o  t h e  f o l l o w i n g  
p e o p l e ,  w hose  a s s i s t a n c e  was i n v a l u a b l e  i n  a c c o m p l i s h i n g  t h i s  
t h e s i s :
D r .  G eo rg e  B. L u c a s ,  who was my t h e s i s  a d v i s o r .  H is 
c o n t i n u a l  e n c o u ra g e m e n t  and  many s u g g e s t i o n s  f o r  t h e  s o l u t i o n  
o f  many p ro b le m s  a r e  g r e a t l y  a p p r e c i a t e d .
D r . ' s  W i l l i a m  D. Compton, Dean W. D i c k e r h o o f ,  R o b e r t  D. 
W i t t e r s ,  an d  P h i l i p  F. D ic k s o n ,  who s e r v e d  on my t h e s i s  
c o m m it te e  and  p r o v id e d  many s u g g e s t i o n s .
P r o f .  G eorge  W. J o h n s o n ,  o f  t h e  E n g l i s h  D e p a r tm e n t ,  who 
w as a  member o f  my t h e s i s  c o m m i t t e e .
I  w o u ld  a l s o  l i k e  t o  t h a n k  t h e  C h e m is t ry  D e p a r tm e n t  o f  
t h e  C o lo ra d o  S c h o o l  o f  M ines f o r  f i n a n c i a l  a s s i s t a n c e  w h ic h  
e n a b l e d  me t o  f i n i s h  t h e  w ork  a n d  t h e  C o lo ra d o  S c h o o l  o f  M ines 




A p o r p h y r i n ,  t e t r a p y r r o l e  bon d ed  by  m e th e n e  b r i d g e s  t o  
fo rm  a  r i n g ,  h a s  b e e n  s t u d i e d  i n  v a r i o u s  b r a n c h e s  o f  s c i e n c e :  
p e t r o l e u m  c h e m i s t r y  ( 1 - 4 ) ,  i n  w h ic h  c h e m i s t s  r e a s o n  t h e  o r i g i n  
o f  p e t r o l e u m  th r o u g h  r e s e a r c h e s  o f  p o r p h y r i n s  an d  m e t a l l o -  
p o r p h y r i n s  e x i s t i n g  i n  c r u d e  o i l s ,  c o a l s ,  a n d  o i l  s h a l e s ;  
o r g a n i c  c h e m i s t r y  o r  b i o c h e m i s t r y  ( 5 - 8 ) ,  i n  w h ic h  o r g a n i c  
c h e m i s t s  o r  b i o c h e m i s t s  t r y  t o  c l a r i f y  t h e  b i o c h e m i c a l  f u n c ­
t i o n  o f  h a e m o g lo b in ,  c h l o r o p h y l l ,  v i t a m i n  o n j
t h r o u g h  r e s e a r c h e s  on  p h y s i o c h e m ic a l  p r o p e r t i e s  o f  p o r p h y r i n s  
a n d  m e t a l l o p o r p h y r i n s ; s p e c t r o s c o p y  ( 9 - 1 0 ) ,  i n  w h ic h  t h e o r e t i ­
c a l  c h e m i s t s  o r  p h y s i c i s t s  a t t e m p t  t o  c o r r e l a t e  t h e  q u an tu m  
e n e r g y  l e v e l s  o f  p o r p h y r i n s  a n d  m e t a l l o p o r p h y r i n s  w i t h  
s p e c t r o s c o p i c  phenom ena; c o o r d i n a t i o n  c h e m i s t r y  ( 1 1 - 1 2 ), i n  
w h ic h  i n o r g a n i c  c h e m is t s  i n v e s t i g a t e  p o r p h y r i n s ,  t e t r a d e n t a t e  
l i g a n d s ,  a l o n g  w i t h  t h e i r  m e t a l  c o m p le x e s .  C h l o r i n  a n d  
p h o r b i n  com pounds w h ic h  h a v e  a  p a r t i a l l y  r e d u c e d  a n d  f u s e d
1
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r i n g ,  h a v e  a l s o  b e e n  s t u d i e d  i n  t h e  r e l a t i o n  t o  p o r p h y r i n s  
( T a b l e  1 i n  A p p e n d ix ) .
I n  t h e  c h e m i s t r y  o f  t h e  p o r p h y r i n s ,  o n e  o f  t h e  m o s t  
common i n t e r e s t s  o f  c h e m i s t s  l i e s  i n  t h e  i n t e r a c t i o n s  o f  
p o r p h y r i n s  w i t h  m e t a l  i o n s ,  b e c a u s e  p r o p e r t i e s  o f  p o r p h y r i n s  
a r e  s o  c l o s e l y  r e l a t e d  w i t h  t h o s e  o f  t h e i r  m e t a l  c o m p le x e s  
t h a t  t h e  m ech an ism  o f  t h e  i n t e r a c t i o n ,  m e t a l l a t i o n  a n d  d e -  
m e t a l l a t i o n *  m u s t  be  f u l l y  r e s e a r c h e d .  I t  i s  a l s o  t h e  p r i ­
m ary  a im  o f  t h i s  t h e s i s  r e s e a r c h .
D em psey, Lowe a n d  P h i l l i p s  ( 1 3 )  s t u d i e d  t h e  k i n e t i c s  
o f  t h e  m e t a l l a t i o n  o f  t e t r a m e t h y l  e s t e r  o f  c o p r o p o r p h y r i n  
a n d  d i m e t h y l  e s t e r s  o f  m e s o p o rp h y r in  a n d  p r o t o p o r p h y r i n  i n  
a q u e o u s  d e t e r g e n t  s o l u t i o n s ,  2 . 5  p e r c e n t  so d iu m  d o d e c y l  
s u l p h a t e  (SDS) a n d  0 .2 5  p e r c e n t  c e t y l t r i m e t h y l  ammonium 
b r o m id e  (CTAB). They fo u n d  t h a t  i n  c a t i o n i c  d e t e r g e n t  s o l u ­
t i o n s  t h e  m e t a l l a t i o n  i s  m a r k e d ly  d e p e n d e n t  on  t e m p e r a t u r e  
a n d  o n  t h e  n a t u r e  o f  t h e  m e t a l  i o n .  A t 2 0 °  i n  0 .2 5  p e r c e n t  
CTABjno r e a c t i o n  w as o b s e r v e d  w i t h  C o ( I I ) ,  N i ( I I ) ,  C u ( I I ) ,  
Z n ( I I ) ,  C d ( I l ) ,  M g ( l l ) ,  t o i ( I Z ) , ; F b ( I I )  o r  F e ( I I ) ,  o v e r  a  
p e r i o d  o f  w e e k s .  On t h e  o t h e r  h a n d ,  a t  100° v e r y  r a p i d  
r e a c t i o n s  o c c u r r e d  w i t h  C u ( I I )  a n d  Z n ( I I ) u n d e r  s u i t a b l e  
pH c o n d i t i o n s ,  th o u g h  w i t h  n o n e  o f  t h e  o t h e r  m e t a l  i o n s
* I n  t h i s  t h e s i s ,  t h e  i n c o r p o r a t i o n  o f  a  m e t a l  i o n  i n t o  a  
p o r p h y r i n  a n d  t h e  r e v e r s e  r e a c t i o n  a r e  c a l l e d  m e t a l l a t i o n  
a n d  d e m e t a l i a t i o n ,  r e s p e c t i v e l y .




r e p o r t e d .  The o v e r a l l  k i n e t i c s  c o n fo rm  t o  a  s i m p le  b i -  
mo l e c u l a r  r e a c t i o n  i n v o l v i n g  m e t a l  i o n s  a n d  t h e  n e u t r a l  
p o r p h y r i n  s p e c i e s .  I t  c a n  b e  shown t o  c o n fo rm  t o  t h e  f o l ­
lo w in g  e q u a t i o n :
PH2  + MP +  2#*"
w h e re  PHo d e n o t e s  p o r p h y r i n s ,  P r + m e t a l  i o n s  a n d  MP m e t a l -  
l o p o r p h y r i n s . I n  a d d i t i o n ,  t h e  r e a c t i o n  m echan ism  i s  r e p o r t e d  
t o  b e  o f  t h e  d i s p l a c e m e n t  t y p e  (S jj2 )  r a t h e r  t h a n  t h e  d i s s o c i a ­
t i o n  t y p e ,  a l t h o u g h  t h e  m e a n in g  o f  t h e  m echan ism  i s  n o t  
c l e a r  i n  t h i s  c a s e .
Lowe a n d  P h i l l i p s  ( 1 4 ) ,  b a s e d  o n  t h e s e  f i n d i n g s ,  f o u n d  
f u r t h e r m o r e  t h a t  t h e  r a t e  o f  m e t a l l a t i o n  i n  a q u e o u s  s o l u b i l ­
i z e d  d e t e r g e n t  s o l u t i o n s  c a n  b e  i n f l u e n c e d  b o t h  by t h e  
c h a r g e d  n a t u r e  o f  t h e  d e t e r g e n t  an d  by t h e  p r e s e n c e  o f  a 
c h e l a t i n g  a g e n t ,  e . g . ,  8 - h y d r o x y q u i n o l i n e . The maximum r a t e  
w as a t t a i n e d  i n  an a n i o n i c  d e t e r g e n t  (SDS, a t  4 0 ° )  i n  t h e  
p r e s e n c e  o f  e q u im o l a r  c o n c e n t r a t i o n  o f  t h e  m e t a l  i o n  a n d  
8 - h y d r o x y q u i n o l i n e .  More q u a n t i t a t i v e  d a t a  f o r  t h i s  c a t a l y ­
s i s  w e re  r e p o r t e d  f o r  c o p p e r  m e t a l l a t i o n  o f  a  m eso ­
p o r p h y r i n  d i m e t h y l  e s t e r  i n  2 . 5  p e r c e n t  SDS s o l u t i o n  a t  pH 
7 . 0  a n d  2 0 ° ( 1 5 ) .
S u r p r i s i n g l y ,  t h e  r e a c t i o n  r a t e s  c h a n g e  f ro m  o n e  t e n t h  
t o  g r e a t e r  t h a n  1 0 0  t im e s  t h e  u n c a t a l y z e d  r a t e .
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T a b le  1
E f f e c t  o f  C h e l a t i n g  A g e n ts  On R a te  o f  C op per  I n c o r p o r a t i o n
I n t o  A P o r p h y r in  
C h e l a t i n g  A g e n t  k  x  10 (1  m o l e ^ m i n ^ )
■ K a w M m K m o M n a K S a M M a M i i H R M w
Sodium  d i e t h y l d i t h i o c a r b a m a t e 3300
P o ta s s iu m  e t h y l x a n t h a t e 1 1 0 0
2 - H y d r o x y p y r i d in e - N - o x i d e 1 0 0 0
8 - H y d r o x y q u in o l in e 750
S a 1i c y l a l d e h y d e 1 1 0
n o  c h e l a t i n g  a g e n t 2 0
S a l i c y l i c  a c i d 1 0
G l y c in e 1 0
o - Phenan t h r o l i n e 5
2 , 2 1 - D i p y r i d y 1 5
EDTA " 2
T h is  c a t a l y t i c  e f f e c t  by  c h e l a t i n g  a g e n t s ,  te rm e d  t h e  
c o o r d i n a t i o n  e f f e c t  by  Lowe a n d  P h i l l i p s ,  w as 
c a u s e d  by  a n  i n c r e a s e  i n  t h e  p r o b a b i l i t y  o f  a n  e f f e c t i v e  
c o l l i s i o n  r a t h e r  t h a n  a  d e c r e a s e  i n  t h e  a c t i v a t i o n  e n e r g y  
s i n c e  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  r e a c t i o n  was u n a f ­
f e c t e d  by t h e  p r e s e n c e  o f  c a t a l y t i c a l l y  a c t i v e  s p e c i e s  ( 1 4 ) ,  
I t  i s  v e r y  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  l a r g e  c a t a l y t i c  
e f f e c t  o b s e r v e d  i n  t h i s  s y s te m  h a s  a r i s e n  p r i m a r i l y  f ro m
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f a v o r a b l e  c h a n g e  i n  t h e  c h a n g e  o f  e n t r o p y  o f  a c t i v a t i o n .
> o f  o r g a n i c  a m in e s  t o  a c c e l e r a t e  t h e  r a t e  o f  
m e t a l l a t i o n  h a s  b e e n  a t t e m p t e d  by W ei, Corw in, a n d  A r e l l a n o  
( 1 6 )  f o r  t h e  p r e p a r a t i o n  o f  m agnesium  p o r p h y r i n s  w i t h  
p y r i d i n e ,  by F l e i s c h e r  ( 1 7 )  f o r  t h e  p r e p a r a t i o n  o f  z i n c  c<,
X » <f - t e t r a - ( 4 - p y r i d y l ) - p o r p h i n e  w i t h  p y r i d i n e ,  by Baum, 
B u rn h am ,an d  P la n e  ( 1 8 )  f o r  t h e  p r e p a r a t i o n  o f  m agnesium  
d e u te r © p o r p h y r i n  d i m e t h y l  e s t e r  w i t h  p y r i d i n e .  None o f  
t h e s e  w o r k e r s ,  h o w e v e r ,  h a v e  c l e a r l y  i n d i c a t e d  t h e  c a t a l y t i c  
r o l e  o f  t h e s e  a m in e s  a l t h o u g h  Corwin e t  a l .  ( 1 9 )  s t a t e d  t h a t  
i t  i s  v e r y  d i f f i c u l t  t o  p r e p a r e  f e r r o u s  m e s o p o r p h y r in  i n  t h e  
a b s e n c e  o f  n i t r o g e n o u s  b a s e s .
F l e i s c h e r  a n d  Wang ( 2 0 )  r e p o r t e d  t h a t  t h e i r  w ork  n o t  
o n l y  c o n f i r m s  t h e  S^ 2  m ech an ism  b u t  a l s o  i n d i c a t e s  t h e  p r e s ­
e n c e  o f  a  r e a c t i o n  i n t e r m e d i a t e  i n  t h e  c o m b i n a t i o n  o f  m e t a l  
i o n s  w i t h  p o r p h y r i n s  w h ic h  s u b s e q u e n t l y  fo rm ed  t h e  c o r r e s p o n d ­
i n g  m e t a l l o  p o r p h y r i n s .  T h is  c o n c l u s i o n  i s  b a s e d  on  t h e  
o b s e r v a t i o n  t h a t  i n  a c e t o n e  s o l u t i o n s  some m e t a l  i o n s ,
N i ( I I ) ,  C u ( l l ) ,  B i ( I I I ) , H g ( I I )  a n d  C d ( l l ) ,  r e a c t  r e a d i l y  
w i t h  d i m e t h y l  e s t e r  o f  p r o t o p o r p h y r i n  e v e n  a t  room  t e m p e r a ­
t u r e  t o  fo rm  t h e  c o r r e s p o n d i n g  m e t a l l o p o r p h y r i n s , w h e r e a s  
o t h e r  m e t a l  i o n s ,  F e ( I I ) ,  F e ( I I I ) ,  C o ( I I ) ,  P t ( l V ) ,  S n ( l l ) ,  
Z n ( X I ) ,  e t c . ,  f i r s t  fo rm  a  new ty p e  o f  c o m p le x ,  w i t h  a b s o r p ­
t i o n  s p e c t r a  m a rk e d ly  d i f f e r e n t  f ro m  t h o s e  o f  t h e
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c o r r e s p o n d i n g  m e t a l l o p o r p h y r i n s , w h ic h  upon  p r o lo n g e d  s t a n d ­
i n g  a t  6 0 °  c h a n g e  t o  t h e  c o r r e s p o n d i n g  m e t a l l o  p o r p h y r i n s •
They p ro p o sed  a s t r u c t u r e  f o r  t h i s  in te r m e d ia te  com p lex  w ith  
th e  m e ta l s i t t i n g - a t o p  th e  f l a t  p orp h yrin  m o le c u le *  They 
a l s o  c la im e d  t o  h a v e  i s o l a t e d  th e  f e r r i c  s i t t i n g - a t o p  
com p lex  in  pu re c r y s t a l l i n e  form .
The f o r m a t i o n  o f  t h i s  c o m p lex  b e tw e e n  F e ( I I I )  a n d  p r o t o ­
p o r p h y r i n  d i m e t h y l  e s t e r  i n  c h lo r o f o r m  was e x p e r i m e n t a l l y  
c o n f i r m e d  by  M u ra ta  (2 1  b u t  i t s  g r a d u a l  c o n v e r s i o n  i n t o  t h e  
c o r r e s p o n d i n g  m e t a l l o  p o r p h y r i n  was n o t  o b s e r v e d .  I n  f a c t ,  
t h i s  c o m p le x  r e m a in e d  u n c h a n g e d  i n  c h lo r o f o r m  f o r  1 1  d ay s  
a n d  f i n a l l y  decom p osed  i n  t h e  f o l l o w i n g  two d a y s .  In  a c e t o n e  
a n d  m e t h y l  a l c o h o l ,  t h i s  c o m p lex  w as v e r y  s t a b l e  a n d  d i d  n o t  
c o n v e r t  t o  m e t a l l o  p o r p h y r i n  e v en  a f t e r  17 d a y s  a t  room  
t e m p e r a t u r e .  M u ra ta  f o u n d  t h a t  t h e  s p e c t r a  o f  t h i s  c o m p lex  
a r e  d e p e n d e n t  upon  t h e  s o l v e n t  i n  b o t h  a b s o r b a n c e
a n d  w a v e l e n g th  a s  shown i n  t a b l e  2 .  M u ra ta  c o n c lu d e d  t h a t  
t h e s e  c o m p le x e s  m u s t  b e  s i m i l a r  t o  t h e  p o r p h y r i n  c a t i o n s  
s i n c e  t h e r e  a r e  s t r i k i n g  r e s e m b l a n c e s  b e tw e e n  t h e  s p e c t r a  o f  
t h e  c h l o r o f o r m  c o m p le x  t o  t h e  p o r p h y r i n  d i c a t i o n ,  an<^
t h e  a c e t o n e  c o m p le x  t o  t h e  p o r p h y r i n  m o n o c a t io n ,  PH* ( 2 1 ) .
F l e i s c h e r  ( 1 7 ,  2 2 - 2 4 )  made a  f u r t h e r  i n v e s t i g a t i o n  on 
t h e  p r o p e r t i e s  o f  t h e  s i t t i n g - a t o p  ty p e  o f  i n t e r m e d i a t e  
c o m p lex  by  u s i n g  a  n e w ly  s y n t h e s i z e d  w a t e r  s o l u b l e  ^  ,
T 1122 7
T a b le  2
S p e c t r a  o f  P r o t o p o r p h y r i n  D im e th y l  E s t e r - F e ( I I I )
Complex (2 1 )
S o l v e n t ^  max
1 1 1 1 H i I V .
C h lo r o f o r m 601 557
A c e to n e 609 564 534
M e th y l  A lc o h o l 607 564 533 501
V ,  S  « t @ t r a - ( 4 - p y r i d y l ) - p o r p h i n e  b u t  h a s  n o t  s u c c e e d e d  i n  
p r e s e n t i n g  0  c l e a r - c u t  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  t h i s  
c o m p le x .
T h e re  a r e  a  few  r e a s o n s  why t h e  a u t h o r  b e l i e v e s  t h a t  
t h e  n a t u r e  o f  t h e  c o m p lex  i s  n o t  w e l l  d e f i n e d .  F i r s t ,  t h e  
a u t h o r  w o u ld  l i k e  t o  p o i n t  o u t  t h a t  t h e  s p e c t r a  w h ic h  
F l e i s c h e r  c la im e d  a s  a  s i t t i n g - a t o p  t y p e  o f  c o m p lex  h ad  
c h a n g e d  f ro m  o n e  c a s e  ( 2 0 )  t o  a n o t h e r  ( 2 4 ) .  O r i g i n a l l y ,  
F l e i s c h e r  a s c r i b e d  t h e  s p e c t r a  o f  t h e  c h l o r o f o r m  t y p e  and  
a c e t o n e  t y p e  w hose  s p e c t r a  a r e  a l m o s t  i d e n t i c a l  t o  p o r p h y r i n  
d i c a t i o n  a n d  m o n o c a t io n  r e s p e c t i v e l y  t o  t h e  s i t t i n g - a t o p  
c o m p le x ,  b u t  l a t e r  h e  te rm e d  s h i f t s  o f  t h e  S o r e t  p e a k  c a u s e d  
by  t h e  c h a n g e  o f  i o n i c  e n v i r o n m e n t  a s  s i t t i n g - a t o p  c o m p le x .  
As a  m a t t e r  o f  f a c t ,  t h e r e  i s  n e i t h e r  a p p r e c i a b l e  c h a n g e  o f  
s p e c t r a  i n  t h e  S o r e t  p e a k  i n  t h e  f o r m e r  c a s e  n o r  i n  t h e
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v i s i b l e  s p e c t r a  i n  t h e  l a t t e r  c a s e .  N e u b e rg e r  and  S c o t t  ( 2 5 )  
made a n  e x t e n s i v e  r e s e a r c h  on t h e  s p e c t r a l  d i s t o r t i o n  c a u s e d  
b y  pH i n  c o p r o p o r p h y r i n  and  d e u t e r o p o r p h y r i n , and so  d i d  many 
o t h e r s  who a r e  r e f e r r e d  to  i n  t h e  a u t h o r f s t h e s i s  ( 2 1 ) .  
S e c o n d ly ,  F l e i s c h e r  ( 2 4 )  r e p o r t e d  t h a t  ev en  ammonium i o n s ,
N H j, (CH3 )^N+ , (C2 H3 )^N+ , and  a l k a l i  m e t a l  i o n s ,  N a ( I ) ,  K ( I ) ,  
fo rm s  s i t t i n g - a t o p  c o m p le x e s .  I f  t h e  o r i g i n a l l y  p o s t u l a t e d  
s t r u c t u r e  ( 2 0 ) i s  t h e  o ne  f o r  t h e  s i t t i n g - a t o p  c o m p le x ,  t h e  
f o r m a t i o n  o f  t h i s  com p lex  w i t h  t h e s e  l a s t  m e n t io n e d  i o n s  i s  
h a r d l y  b e l i e v a b l e .
I n  t h e  m e t a l l a t i o n  by C u ( I I ) ,  C o ( I I ) ,  > a i ( I I ) ,  N i ( I I ) ,  a n d  
Z n ( I l )  o f  , ?  , r  J  - t e t r a - ( 4 - p y r i d y l ) - p o r p h i n e  i n  
g l a c i a l  a c e t i c  a c i d  and  a q u e o u s  a c e t i c  a c i d  (pH 1 . 9 2 ) ,  t h e  
r a t e  e q u a t i o n  c an  b e  e x p r e s s e d  a s  f i r s t  o r d e r  w i t h  r e s p e c t  t o  
b o t h  t h e  c o n c e n t r a t i o n s  o f  m e t a l  i o n  an d  p o r p h y r i n .  The r a t e  
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  h y d ro g e n  
i o n  i n  t h e  r a n g e  o f  pH 1 .4  t o  2 . 2  ( 2 2 ) .  T h i e l d ,  B e h lk e ,  and  
S c h e l e r  ( 2 6 )  r e p o r t e d  t h a t ,  i n  t h e  c o u r s e  o f  p r e p a r i n g  
m an g a n ese  ( IV )  an d  c o b a l t  ( I I I )  p r o t o p o r p h y r i n  d i m e t h y l  
e s t e r ,  t h e  r a t e  d e p e n d s  upon pH i n  a l k a l i n e  medium .
Baum a n d  P la n e  ( 2 7 )  u s e d  a c e t o n e  and  m e th a n o l  f o r
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m agnesium  m e t a l l a t i o n  o f  d e u t e r o p o r p h y r i n  d i m e t h y l  e s t e r ,  
w h ic h  w as c a t a l y z e d  by  p y r i d i n e  a n d  c e r t a i n  o t h e r  n i t r o -  
g e n e o u s  b a s e s .  The r a t e  law  i s  d i s c u s s e d  i n  t e r m s  o f  a  
d i s s o c i a t i o n  p a t h  p l u s  a  d i s p l a c e m e n t  p a t h  i n v o l v i n g  a  
m a g n e s i u m - p y r i d i n e - p o r p h y r i n  t e r n a r y  c o m p le x .  F l e i s c h e r 1s 
p a p e r  ( 2 4 )  and  B aum 's  p a p e r  a r e  t h e  o n l y  o n e s  d i s c u s s i n g  t h e  
r e a c t i o n  schem e o f  t h e  m e t a l l a t i o n  f ro m  t h e  s t a n d p o i n t  o f  
r e a c t i o n  m ec h a n ism . T h e re  a r e  s e v e r a l  d o u b t f u l  a n d  v a g u e  
p o i n t s  i n  t h e  r e a c t i o n  c o n d i t i o n s  a n d  c o n c l u s i o n s  i n  t h e i r  
p a p e r s *  The a u t h o r  w o u ld  l i k e  t o  d i s c u s s  t h e s e  m ore c r i t i c ­
a l l y  l a t e r .
As f o r  r e s e a r c h  on t h e  d e m e t a l l a t i o n  o f  m e t a l l © p o r p h y r i n s , 
t h e r e  h a v e  b e e n  s e v e r a l  k i n e t i c  i n v e s t i g a t i o n s  ( 2 8 - 3 1 ) ;  how­
e v e r  m o s t  o f  them  a im ed  a t  d e t e r m i n i n g  t h e  r e l a t i v e  l a b i l i t y  
o f  m e t a l  i o n s  f ro m  m e t a l l o p o r p h y r i n s  i n  some s p e c i f i c  m e d ia .
The r e a s o n  why t h e  a n a l y s i s  o f  t h e  r e a c t i o n  m echan ism  o f  
d e m e t a l l a t i o n  i s  i m p o r t a n t  t o  t h a t  o f  m e t a l l a t i o n  i s  t h a t ,  
a c c o r d i n g  t o  t h e  p r i n c i p l e  o f  m i c r o s c o p i c  r e v e r s i b i l i t y ,  t h e  
m ech an ism  o f  a  r e v e r s i b l e  r e a c t i o n  i s  t h e  sam e , i n  m ic r o ­
s c o p i c  d e t a i l  ( e x c e p t  f o r  t h e  d i r e c t i o n  o f  r e a c t i o n ,  o f  
c o u r s e ) ,  f o r  t h e  r e a c t i o n  i n  o n e  d i r e c t i o n  a s  i n  t h e  o t h e r  
u n d e r  a  g i v e n  s e t  o f  c o n d i t i o n s .  T h is  p r i n c i p l e  i s  o f  
i m p o r t a n c e  n o t  o n l y  f o r  s u c h  q u a l i t a t i v e  p u r p o s e s  a s  r u l i n g  
o u t  p o s s i b l e  r e a c t i o n  m ech an ism s  b u t  a l s o  i n  t h e  c a l c u l a t i o n
T 1122 10
o f  r a t e  c o n s t a n t s  f o r  i n d i v i d u a l  s t e p s  o f  t h e  r e a c t i o n  ( 3 2 ) .  
H e n ce ,  i f  t h i s  p r i n c i p l e  i s  a p p l i c a b l e  f o r  t h e  m e t a l l a t i o n  
a n d  t h e  d e m e t a l l a t i o n ,  k n o w le d g e  o f  t h e  d e m e t a l l a t i o n  s h o u ld  
g i v e  a  go o d  c l u e  to  t h e  p a t h  o f  t h e  m e t a l l a t i o n .  Caughey 
a n d  Corwin ( 2 8 )  fo u n d  t h a t  t h e  k i n e t i c  d a t a  o b t a i n e d  f o r  t h e  
d e m e t a l l a t i o n  o f  c o p p e r  e t i o p o r p h y r i n  f i t  b e s t  t h e  e x p r e s s i o n ,  
r a t e  = k  (Cu p ]^  [" h ^ ^ ,  w h e re  CuP i m p l i e s  t h e  c o p p e r  e t i o p o r ­
p h y r i n  a n d  hQ r e p r e s e n t s  t h e  a c i d i t y  f u n c t i o n  o f  t h e  m ed ia  
( 3 3 ) .  The s e c o n d  o r d e r  d e p e n d e n c e ,  h o w e v e r ,  on t h e  CuP i s  
e x p l a i n e d  by  them  a s  f o l l o w s :  a  r a p i d  r e v e r s i b l e  e q u i l i b r i u m
^ «4*
i n v o l v i n g  CuP and  d i p r o t o n a t e d  CuPH^ i s  f o l l o w e d  by t h e  r a t e -  
d e t e r m i n i n g  s t e p  w h ic h  i s  t h e  i n t e r a c t i o n  o f  two d i p r o t o n a t e d
I n  t h e  d e m e t a l l a t i o n  o f  a  m e t a l l o p o r p h y r i n ,  a c i d i c  
m e d ia  a p p e a r  t o  be i m p o r t a n t  f o r  t h e  r e a c t i o n  c o n d i t i o n s  
( 2 8 ,  3 1 ,  3 4 - 3 6 )  and  u n d o u b t e d l y  r e q u i r e  p r i o r  p r o t o n a t i o n
t o n a t e d  i n t e r m e d i a t e  c o i n c i d e s  w i t h  t h e  e x p e r i m e n t a l  f a c t  
t h a t  t h e  m e t a l l o p o r p h y r i n  d e r i v e d  fro m  l e s s  b a s i c  p o r p h y r i n s  
i s  d e m e t a l l a t e d  l e s s  r e a d i l y ,  a l t h o u g h  t h e i r  m e ta 1 - n i t r o g e n
CuPH^* m o le c u l e s  
CuP +
2 CuPH2 + ------- > p r o d u c t s
o f  m e t a l l o p o r p h y r i n s . The p r o b a b l e  e x i s t e n c e  o f  a p ro
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bonds a r e  w eaker (2 8 )*
A n o v e l  d e m e t a l la t io n  r e a c t io n  w h ich  ta k e s  p la c e  in  
b a s ic  m ed ia  w as r e p o r te d  by E isn e r  and H arding ( 3 4 ) .  R eac­
t io n  o f  m e t a l lo  p o rp h y r in  w i t h  l i t h iu m  in  e th y le n e d ia m in e  
f o l lo w e d  by tr e a tm e n t  w ith  w a te r  g iv e s  th e  m e t a l - f r e e  p o r ­
p h y r in . The am ount o f  l i t h iu m  r e q u ir e d  f o r  c o m p le te  d e m e ta l­
l a t i o n  o f  a  g iv e n  m e ta llo p o r p h y r in  i s  c o r r e la t e d  w ith  i t s  
s t a b i l i t y #  L ith iu m  h y d r id e ,  l i t h iu m  am ide, a s  w e l l  a s  l i t h iu m  
m e ta l h a v e  c a t a l y t i c  power in  th e  p r e se n c e  o f  o t h e r  prim ary  
a m in e s , b u t  a  m ix tu r e  o f  p h e n y l l i t h iu m  and e th y le n e d ia m in e  
d id  n o t  dem eta H a t e  m e ta l lo  p o rp h y r in  s .  They in f e r r e d  t h a t  a 
c e r t a in  am ine p r o d u c t , i . e . ,  b i - i m id a z o l i n e ,  w h ich  i s  su p ­
p o sed  t o  b e  form ed in  th e  c o u r s e  o f  th e  r e a c t io n  m igh t  
a c c e l e r a t e  th e  d e m e t a l la t io n .  They a l s o  d i s c u s s e d  th e  p o s ­
s i b i l i t y  o f  a f r e e - r a d i c a l  m echanism . The m echanism  due to  
th e  r e p la c e m e n t  o f  m e ta ls  by l i t h iu m  io n  i s  d e n ie d  by v e r i f y i n g  
th a t  a  v e r y  la r g e  e x c e s s  o f  anhydrous l i t h iu m  a c e t a t e  d id  
n o t  r e s u l t  in  r e p la c e m e n t  o f  co p p er  by l i t h iu m  io n  in  cop p er  
te tr a p h e n y  lp o r p h y r in  •
A n o th er  im p o r ta n t r e a c t io n  o f  p o rp h y r in  w ith  m e ta l io n s  
i s  th e  r e p la c e m e n t  r e a c t io n  in  w h ich  a m e ta l o f  on e  m e t a l lo -  
p o rp h y r in  i s  r e p la c e d  by a n o th e r  m e ta l .  T h is can be r e p r e -
•f
s e n te d  g e n e r a l ly  by th e  e q u a t io n :
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A lth o u g h  i t  c a n  be  a s su m e d  t h a t  r e p l a c e m e n t  w i l l  o c c u r  when 
t h e  r e a c t i o n  l e a d s  t o  a  m ore  s t a b l e  ( t h e r m o d y n a m i c a l l y )  
m e t a l l o p o r p h y r i n ,  t h e  f a i l u r e  o f  o n e  m e t a l  t o  r e p l a c e  a n o t h e r ,  
w i t h i n  a  l i m i t e d  t i m e ,  d o e s  n o t  n e c e s s a r i l y  im p ly  a  lo w e r  
a f f i n i t y  o f  t h e  l a t t e r  m e t a l  f o r  t h e  p o r p h y r i n ,  s i n c e  v e r y  
s lo w  r e a c t i o n  r a t e s  may b e  in v o lv e d #  T h u s ,  t h e  i n t e r p r e t s -  
t i o n  o f  r e p l a c e m e n t  r e a c t i o n s  i n v o l v e s  b o t h  k i n e t i c  a n d  
th e rm o d y n a m ic  c o n s i d e r a t i o n s #  B a rn e s  a n d  D orough ( 2 9 )  i n ­
d u c e d  two s i m p le  r u l e s  f ro m  r e p l a c e m e n t  r e a c t i o n  u s i n g  oC. ,
P *  T » c T  - t e t r a p h e n y l m e t a l l o p o r p h y r i n s  : ( i )  t h e  o v e r a l l
s t a b i l i t y  o f  t h e  m e t a l l o p o r p h y r i n  i s  i n  t h e  o r d e r ,  s m a l l  
d i v a l e n t  ( C u ( I I ) ,  Z n ( I I ) )  >  l a r g e  d i v a l e n t  ( H g ( I X ) ,  P f e ( l l ) ) >  
a l k a l i  ( L i ( i ) ,  N a ( I ) ,  K ( I ) ) ,  t h a t  i s ,  a l k a l i  m e t a l  i n  p o r ­
p h y r i n s  c a n  b e  r e p l a c e d  by  l a r g e  d i v a l e n t  m e t a l ;  ( i i )  i n  e a c h  
g r o u p ,  t h e  s m a l l e s t  m e t a l  i s  t h e  m o s t  s t a b l e ,  t h a t  i s ,  
p o t a s s i u m  i s  r e p l a c e d  r a p i d l y  by  so d iu m  w h ic h  i n  t u r n  i s  
r e p l a c e d  r a p i d l y  by l i t h i u m *  N e i t h e r  d e v i a t i o n s  f ro m  t h e s e  
s t a b i l i t y  r u l e s  n o r  a n y  e v i d e n c e  o f  a  m e a s u r a b le  e q u i l i b r i u m  
w as f o u n d  among t h e  m e t a l  i o n s  i n v e s t i g a t e d .  The r e a c t i o n s  
e i t h e r  w e n t  t o  c o m p l e t i o n  o r  d i d  n o t  p r o c e e d  a t  a l l #  In  
f a c t  no  t r a n s i t i o n  m e t a l  i o n s  o t h e r  t h a n  t h o s e  d i s c u s s e d
a b o v e  h a v e  b e e n  r e p o r t e d  t o  b e  r e p l a c e d  by o t h e r  m e t a l  io n s #
£
The d i f f e r e n c e  i n  b e h a v i o r  o f  t h e  v a r i o u s  c l a s s e s ,  b o th  i n  
r e a c t i o n  r a t e  and  o r d e r  o f  s t a b i l i t y ,  w as a t t r i b u t e d  t o  t h e
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i n t e r p l a y  o f  bond t y p e  a n d  s t e r i c  f a c t o r s •
V a r i a t i o n  i n  r e l a t i v e  s t a b i l i t i e s  o f  c o p p e r  a n d  m agnesium  
p o r p h y r i n  w i t h  p o r p h y r i n  s t r u c t u r e  w as s t u d i e d  by C orw in  a n d  
M e l v i l l e  ( 3 0 ) ,  who fo u n d  f ro m  c o m p e t i t i o n  a n d  e x c h a n g e  r e a c ­
t i o n s  t h a t  i n c r e a s i n g  t h e  e l e c t r o n  w i t h d r a w i n g  pow er o f  t h e  
p o r p h y r i n  r i n g  r e s u l t s  i n  a n  i n c r e a s e  i n  a f f i n i t y  f o r  c o p p e r  
an d  a  d e c r e a s e  i n  a f f i n i t y  f o r  m ag n es iu m , a n d  t h a t  i n  t h e  
c o m p e t i t i o n  r e a c t i o n  b e tw e e n  p o r p h y r i n  a n d  c h l o r i n  f o r  
c o p p e r ,  t h e  p o r p h y r i n  r e a c t e d  w i t h  c o p p e r  p r e f e r e n t i a l l y .  No 
e x c h a n g e  o f  c o p p e r  t o o k  p l a c e  i n  e i t h e r  d i r e c t i o n  b e tw e e n  t h e  
p o r p h y r i n  a n d  c h l o r i n .  I n  t h e  c a s e  o f  m ag n es iu m , t h e  c h l o r i n  
r e a c t e d  m ore  r a p i d l y ,  a n d  t h e n  t h e  p o r p h y r i n  rem oved  t h e  mag­
n e s iu m  f ro m  t h e  c h l o r i n ,  b e c a u s e  p o r p h y r i n s  fo rm  m ore s t a b l e  
m e t a l  c o m p le x e s  t h a n  c h l o r i n s .
T h is  r e p l a c e m e n t  o r  c o m p e t i t i o n  r e a c t i o n  h a s  an  i m p o r t a n t  
a s p e c t  i n  t h e  p o r p h y r i n  r e s e a r c h  r e l a t e d  t o  p e t r o l e u m  c h e m is ­
t r y  t  b e c a u s e  i t  s t i l l  h a s  n o t  b e en  shown t h a t  t h e  v a n a d y l  
a n d  n i c k e l  p o r p h y r i n s  w h ic h  a r e  fo u n d  t o  be  t h e  o n l y  p o r p h y ­
r i n  s p e c i e s  i n  c r u d e  o i l s  w e re  fo rm ed  by  t h e  r e p l a c e m e n t  o f  
m agnesium  a n d  i r o n  o f  n a t u r a l l y  a b u n d a n t  c h l o r o p h y l l s  a n d  
he ro in s  u n d e r  e a r t h  c o n d i t i o n s .  T h e re  h a v e  b e e n  p u b l i c a t i o n s  
i n  t h i s  r e s p e c t  by  Krdman ( 4 1 - 4 2 ) ,  Hobbs ( 4 3 ) ,  Sweany ( 4 4 ) ,  
D unn ing  ( 4 5 - 4 7 )  an d  many o t h e r s  ( 2 - 4 ) .  Hobbs ( 4 3 )  fo u n d  by 
u s i n g  p o r p h y r i n  a g g r e g a t e *  t h a t  n i c k e l  m e t a l l a t i o n  p r o c e e d e d
1~~i—— " r n w T i r — i m i i n r i r m m n H K n u i r MitTi nwm^ m î in f  l a m f n n  u ttii< — i n i — o ^ n n < i » f  m— 1<— nni-ff~itfinminTr.»_ffiTTi «>i.ffrT.r*ri^Tifc«nri— u p m w ih t tb
B o rp h y r in  m i x t u r e s  o b t a i n e d  f ro m  c r u d e  o i l .
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183 t im e s  f a s t e r  th a n  v a n a d y l m e t a l la t io n  and t h a t  th e  
e s t im a te d  d i f f e r e n c e  in  s ta n d a r d  f r e e  e n e r g ie s  o f  fo rm a tio n  
o f  v a n a d y l and n i c k e l  p o rp h y r in  a g g r e g a te  i s  95 K c a l/m o le .
R e c e n t ly  Lucas ( 4 8 )  foun d  t h a t  th e  r a t i o  o f  m e t a l lo -  
p o r p h y r in , n i c k e l  and v a n a d y l ,  i s  n e a r ly  t e n  to  one in  fa v o r  
o f  v a n a d y l p o rp h y r in  in  o n e  cru d e  o i l *
I t  i s  v e r y  d i f f i c u l t  to  c o r r e la t e  th e  f in d in g s  by th e  
p o rp h y r in  r e s e a r c h e s  w it h  th e  o r ig i n  o f  p e tr o le u m  a t  p r e s e n t ;  
how ever th e  a c c u m u la t io n  o f  su ch  b a s ic  d a ta  w i l l  c a s t  a l i g h t  
on why th o s e  f a r  more abundant me ta l lo p o r p h y r in s  w h ich  
come from  p la n t s  and a n im a l m a tte r  have n o t  been  d e te c t e d  in  
cru d e  o i l s  b u t N i ( I l )  and V O (II) m e ta llo p o r p h y r in s  a r e  a p p a r e n t ly  
th e  o n ly  s p e c i e s  in  c r u d e  o i l s ,  s h a le s  o r  c o a ls *
The r e l a t i v e  r e a c t i v i t y  ( k i n e t i c  l a b i l i t y )  o f  m e t a l lo -  
p o r p h y r in s  i s  sum m arized i n  T ab le 3 from  th e  d a ta  m en tion ed  
th u s  fa r *
As f o r  th e  o r d e r  o f  therm odynam ic s t a b i l i t y  o f  m e t a l lo -  
p o r p h y r in s , v a r io u s  a u th o r s  ( 3 4 ,  4 9 -5 0 )  h ave  c o r r e la t e d  th e  
s t a b i l i t y  o f  m e ta llo p o r p h y r in  com p lexes w ith  th e  p o s i t i o n  o f  
th e  a b s o r p t io n  band maxima in  th e  v i s i b l e  and u l t r a v i o l e t  
r e g io n s  o f  th e  sp e c tr u m , *:he a ssu m p tio n  b e in g  t h a t  f o r  a 
g iv e n  p o rp h y r in  l ig a n d ,  th e  more th e  bands a r e  d is p la c e d  
tow ard s s h o r t e r  w a v e le n g th s ,  th e  more s t a b l e  th e  com p lex .
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s t a b i l i t y  o r d e r  f o r  a  num ber o f  d i f f e r e n t  m e t a l s  w i t h  a  
v a r i e t y  o f  t e t r a p y r r o l e  t y p e  l i g a n d s  ( 5 0 )  t a b u l a t e d
i n  T a b le  3 ,  I n  f a c t  t h i s  o r d e r  i s  t h e  e x p e r i m e n t a l  f i n d i n g s ;  
h o w e v e r ,  G oute rm an  ( 5 1 )  d i s c u s s e d  t h i s  p ro b le m  t h e o r e t i c s l l y ,  
a n d  i t  w i l l  be  c o n s i d e r e d  l a t e r  i n  t h i s  i n t r o d u c t i o n .
A c i d i t y  a n d  b a s i c i t y  o f  p o r p h y r i n s  h a v e  b e e n  s t u d i e d  by 
N e u b e r g e r  a n d  S c o t t  ( 2 5 ) ,  A r o n o f f  ( 5 3 ) ,  Dempsey, Lowe and  
P h i l l i p s  ( 1 3 ) ,  F l e i s c h e r  ( 2 3 )  a n d  o t h e r s  ( 5 4 - 5 5 ) ,  U nder 
n o r m a l l y  a t t a i n a b l e  pH c o n d i t i o n ,  t h e  p o r p h y r i n  n u c l e u s  w o u ld  
b e h a v e  a s  a  t e t r a v a l e n t  a m p h o ly te  h a v in g  two b a s i c  and  two 
a c i d i c  c e n t e r s ,  h e n c e  c o u l d  g i v e  r i s e  t o  t h e  f o l l o w i n g  
s p e c i e s ,  n a m e ly  p ^ ” , PH*, P ^ ,  PHg, and  f h | + . In  f a c t ,  f o u r  
o f  t h e s e  s p e c i e s ,  PH^+ , PHg, PH2  a n d  h a v e  b e en  o b s e r v e d  
s p e c t r o s c o p i c a l l y  a l t h o u g h  o n l y  t h e  f r e e  b a s e  (PH2 ) ,  t h e  
c a t i o n i c  s a l t  ( P H ^ C l ^ )  a n d  t h e  d i a n i o n i c  s a l t  (M^+ P^~) h a v e  
b e e n  c h e m i c a l l y  i s o l a t e d .  T h e re  h a v e  b e e n  c o n t r o v e r s i e s  
r e g a r d i n g  t h e  e x i s t e n c e  o f  PH^, w h ic h  h a s  a  s p e c t r u m  s i m i l a r  
t o  t h a t  c a l l e d  a c e t o n e  t y p e  by  M u ra ta  ( 2 1 ) ,  I t  seem s t o  t h e  
a u t h o r  t h a t  t h e  e x i s t e n c e  o f  p o r p h y r i n  m o n o - c a t io n  m u s t  be  
l i m i t e d  t o  a  n a r r o w  r a n g e  o f  a c i d i t y .  T h e re  a r e  d i f f e r e n t  
c o n v e n t i o n s  t o  a s s i g n  pK v a l u e s .  A c c o rd in g  t o  P h i l l i p s  ( 5 0 ) ,  
pKt  = pH -  l o g 1Q p2 - /P H "
pK2  = pH -  Log1 0  PH“ /PH 2
pK3  = pH -  l o g l 0  PHj/PH*
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pK* -  pH -  lo g 1 0  PH+/Ph|+
P o rp h y rin  b a s i c i t y  has been i n v e s t i g a t e d  in  non-aqueous and 
aqueous sy s te m s .  N euberger and S c o t t  examined th e  b a s i c i t y  
©f copr© p o rp h y rin  aw deu ter©  p o rp h y r in  d im e th y l e s t e r  d i s u l -  
phon ic  a c id  i n  d i l u t e  aqueous s o l u t i o n  s p e c t r o s c o p i c a l l y ,  
one o f  w hich i s  t a b u l a t e d  a s  f o l lo w s :
T able 4
pK V alues f o r  P orphyrins
P o rp h y rin  PK3  pK^
C oproporphyrin  7 .1 6  4 .2
D eu te ro p o rp h y r in  4 .7  0 .3
D im ethyl E s te r  
D isu lp h o n ic  Acid
As f o r  pK^ and p i^ ,  t h e r e  have been no a u t h e n t i c  v a lu e s  
m easu red . Only r e l a t i v e  v a lu e s  a r e  o b ta in e d ,  pK^ + pJfy s  32 
(pKx <  pK2>(52).
(h e  o f  th e  d i f f i c u l t i e s  in  th e  k i n e t i c  r e s e a r c h  on p o r ­
p h y r in s  l i e s  i n  th e  poor s o l u b i l i t y  o f  p o rp h y r in  compounds 
i n  aqueous m edia . Employment o f  d e t e r g e n t s  (1 3 -1 5 )  to  
s o l u b i l i z e  p o rp h y r in s  i n  aqueous media o r  o f  a q u a - s o lu b le  
p o rp h y r in s  (17) i s  v e ry  i n t e r e s t i n g  in  t h i s  r e s p e c t ;  how­
e v e r ,  i t  i s  n o t  always s u i t a b l e  f o r  th e  c l e a r - c u t  a n a l y s i s  
o f  th e  r e a c t i o n  d a t a .  The u se  o f  a  nonaqueous s o lv e n t  i s
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s u i t a b l e  f o r  t h i s  p u r p o se . S o lv e n t  e f f e c t s  on th e  r e a c t io n  
r a t e  and th e  m echanism  a r e  l a r g e ly  d ep en d en t upon d i e l e c t r i c  
c o n s t a n t ,  i o n i c  s t r e n g t h ,  pH, tem p era tu re  and i o n i c  a tm os­
p h e r e , a lth o u g h  th e  ty p e  o f  r e a c t io n  i s  o f  prim ary c o n c e r n .  
E f f e c t s  o f  t h e s e  f a c t o r s  on a c t i v a t i o n  e n e r g y  and en tro p y  
w h ich  a c t  n o t  u n i - f u n c t i o n a l l y  b u t m u l t i - f u n c t i o n a l ly  have  
been  d is c u s s e d  e x t e n s i v e l y  and i n t e n s e l y  by Amis ( 5 6 ) .  As 
lo n g  a s  th e  same s o l v e n t ,  pH^and tem p era tu re  a r e  u sed  in  th e  
r e a c t io n  s y s te m , th e  f a c t o r  rem a in in g  to  b e  ta k e n  in t o  
a c c o u n t  i s  i o n i c  s t r e n g t h .  I o n ic  s t r e n g t h ,  p ,  i s  th e  m ost 
u s e f u l  fu n c t io n  o f  i o n i c  c o n c e n tr a t io n  w h ich  was d e v is e d  to  
in c lu d e  th e  e l e c t r o s t a t i c  i n t e r a c t io n  b etw een  th e  i o n i c  
c h a r g e s ,  and i s  d e f in e d  by
j*  =  i * i
w here xn̂  i s  th e  m o l a l i t y  and i s  i o n i c  c h a r g e  o f  ea ch  com­
p o n e n t . H ow ever, in  v e r y  d i l u t e  s o l u t i o n ,  a  d e n s i t y  o f  
s o l u t i o n  and s o lv e n t  can b e  assum ed e q u a l;  th u s
c  = f i m
w here po i s  th e  d e n s i t y  o f  th e  s o lv e n t  and c  i s  th e  m o la r i t y .  
T h e r e fo r e ,
j i  =  % Z mi 2 i  = % z ° i z i
There a r e  two i n f l u e n c e s  o f  i o n i c  s t r e n g t h  term ed th e  prim ary  
and th e  se c o n d a r y  s a l t  e f f e c t s ( 5 6 ) .  In  th e  f i r s t  c a s e  th e
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a c t i v i t i e s  o f  th e  r e a c t a n t s ,  w h e th e r  io n s  o r  p o la r  m o le c u le s ,  
may be a l t e r e d  by added e l e c t r o l y t e .  This  i s  th e  prim ary  
s a l t  e f f e c t .  In  th e  second c a se  th e  e f f e c t i v e  c o n c e n t r a t io n  
o f  a r e a c t a n t  io n  coming from a  weak e l e c t r o l y t e  may be 
d e c re a s e d  by th e  d e c re a se d  i o n i z a t i o n  o f  th e  e l e c t r o l y t e  due 
to  added s a l t .  This i s  t h e  secondary  s a l t  e f f e c t .  This 
l a t t e r  e f f e c t  i s  w e l l  i l l u s t r a t e d  by th e  d e c re a se d  c a t a l y t i c  
e f f e c t  o f  a c e t i c  a c id  upon th e  in v e r s io n  o f  cane su g a r  in  th e  
p re s e n c e  o f  a l k a l i  a c e t a t e s  ( 5 6 ) .  In  t h i s  ca se  th e  a c t i v i t y  
c o e f f i c i e n t  o f  th e  hydrogen  io n  r e a c t a n t  i s  in c r e a s e d  by th e  
added s a l t ,  b u t  th e  e f f e c t i v e  c o n c e n t r a t io n  o f  th e  hydrogen 
io n  i s  so reduced  by th e  common io n  e f f e c t  t h a t  th e  i n v e r s io n  
r a t e  c o n s t a n t  may be d e c re a se d  by as  much as 40 to  50% a t  
o r d in a r y  c o n c e n t r a t io n s  o f  a c id  and added s a l t .
D i f f i c u l t y  i s  f r e q u e n t l y  e n c o u n te red  in  i n t e r p r e t a t i o n  
o f  th e  s a l t  e f f e c t s .  As an example in  th e  a c id - c a t a ly z e d  
h y d r o ly s i s  o f  H f - b u ty r o la c to n e ,  o p p o s i te  p rim ary  s a l t  e f f e c t s  
o f  sodium c h lo r id e  and p e r c h l o r a t e  on th e  r a t e s  a r e  o b se rv e d ,  
and i n t e r p r e t e d  by Long, McDevit and Dunkie (58 )  to  be 
r e l a t e d  to  th e  o p p o s i t e  e f f e c t s  o f  th e s e  s a l t s  on th e  a c t i v ­
i t y  c o e f f i c i e n t  o f  th e  l a c t o n e .  In  any c a se  th e  n e c e s s i t y  
f o r  a d e q u a te  c o n t r o l  o f  i o n i c  s t r e n g t h  i n  a k i n e t i c  i n v e s t i ­
g a t io n  m ust be f u l l y  r e a l i z e d .  E i th e r  th e  i o n i c  s t r e n g t h  
m ust be k e p t  low so t h a t  th e  e f f e c t s  a r e  s m a l l ,  o r  a s e r i e s
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o f  m easurem ents must be made and e x t r a p o l a t e d  to  ze ro  io n i c  
c o n c e n t r a t i o n s .  A **swamping11 m ethod, w hich i s  o f t e n  u s e f u l ,  
i s  to  keep th e  i o n i c  s t r e n g t h  c o n s ta n t  a t  some l a r g e  v a lu e  
w hich does n o t  change s e n s ib ly  d u r in g  th e  co u rse  o f  an 
i n v e s t i g a t i o n .  However, th e  r a t e  c o n s ta n t s  o b ta in e d  in  t h i s  
way g e n e r a l ly  a r e  q u i t e  d i f f e r e n t  from th o s e  in  v e ry  d i l u t e  
s o l u t i o n  ( 5 7 ) .
C oncerning pH m easurem ents in  non«aqu@ous m edia , b u f f e r  
system s a r e  f r e q u e n t ly  used  in  o r d e r  to  m a in ta in  c o n s ta n t  pH; 
how ever, pH r e a d in g s  by a c o n v e n t io n a l  pH m e te r  in  non - 
aqueous media a r e  d i f f i c u l t  t o  i n t e r p r e t  because  t h e r e  i s  
th e  in d e te r m in a te  p o t e n t i a l  a t  th e  l i q u i d  j u n c t i o n :
S o lu t io n  X (n©n«aqu@ous) J KC1  b r id g e  (aqueous)  
w hich does n o t  p la c e  th e  o p e r a t i o n a l  pH numbers f o r  n o n -  
aqueous s o l u t i o n  on a c o n v e n t io n a l  s c a l e  o f  hydrogen ion  
a c t i v i t y  r e f e r r e d  to  t h e  aqueous s ta n d a r d  s t a t e .  R. G.
B ates  ( N a t l .  B ur. S t a n d . ,  W ash ing ton , D .C .)  has  been s tu d y ­
in g  t h i s  s u b j e c t  (5 9 -6 1 ) .
The o p e r a t i o n a l  pH v a lu e  o f  a s o l u t i o n  (X) i s  d e f in e d  
by th e  e q u a t io n  ( 6 0 ) :
pH (X) = pH (S ) + (Sx -  ES)F/(RT In 10) (1 -1 )
w here and Eg r e p r e s e n t  th e  e .m . f .  o f  th e  c e l l :
P t :  H2 , S o In . X o r  S | c o n c .  KC1 ( a q . ) j  R e fe re n ce  e l e c t r o d e  ( I )  
c o n t a in i n g ,  r e s p e c t i v e l y ,  th e  "unknown1’ s o l u t i o n  (X) o r  an
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aqueous pH s ta n d a rd  ( S ) .  The hydrogen e l e c t r o d e  in  c e l l  I  
may be r e p la c e d  by a n o th e r  e l e c t r o d e ,  f o r  exam ple, g l a s s  o r  
q u in h y d ro n e ,  t h a t  i s  r e v e r s i b l e  to  hydrogen io n s  ( 6 2 ) .  In 
e q .  1 -1 ,  pH (s) i s  th e  a s s ig n e d  pH, on a c o n v e n t io n a l  a c t i v ­
i t y  s c a l e  in  w a te r ,  o f  a s t a n d a r d  s o l u t i o n  ( S ) .  In  o r d e r  to  
o b t a in  an a c c u r a te  m easurem ent o f  t h e  r e l a t i v e  a c i d i t y  o r  
d i f f e r e n c e  o f  pH in  a g iv e n  s o l v e n t ,  th e  p o t e n t i a l  a t  th e  
j u n c t i o n ,  s o l u t i o n  X (n o n a q .)  | KC1 (co n cd . aq), m ust rem ain  
c o n s ta n t  when th e  n a t u r e  o f  th e  s o l u t e  i s  a l t e r e d .  E le c t r o ­
m o tive  f o r c e  m easurem ents o f  s o lu t i o n s  o f  s t r o n g  a c id s  and 
s a l t s  i n  p a r t i a l l y  aqueous m edia (6 1 ,  63) s u g g e s t  t h a t  th e  
l i q u i d - j u n c t i o n  p o t e n t i a l  o f  t h e  pH c e l l  i s ,  a s  f i r s t  ap p ro x ­
im a t io n ,  & f u n c t io n  o f  th e  c o m p o sit io n  o f  th e  s o lv e n t  o n ly  
and l a r g e l y  in d e p en d e n t  o f  th e  n a t u r e  o f  th e  s o l u t e .  There 
was h e r e t o f o r e ,  how ever, to o  l i t t l e  ev id e n c e  t h a t  th e  l i q u i d -  
j u n c t i o n  p o t e n t i a l  rem ain s  c o n s ta n t  f o r  b u f f e r  s o l u t i o n s  o v e r  
a w ide ra n g e  o f  pH i n  t h e s e  s o l v e n t s .  B a te s ,  Paabo and 
Robinson (6 1 )  d e m o n s tra ted  t h a t  in  a l c o h o l - w a te r  media 
s a t i s f a c t o r y  c o n s tan c y  i s  in d e ed  m a in ta in e d  and t h a t  a u s e ­
f u l  i n t e r p r e t a t i o n  o f  pH d a ta  i s  p o s s i b l e .  O th e rw ise ,  i t  i s  
p ro b a b ly  s a f e  to  say  t h a t  th e  hydrogen io n  c o n c e n t r a t io n  i s  
th e  same i f  th e  pH r e a d in g  by a c o n v e n t io n a l  pH m e te r  in  
nonaqueous media i s  th e  same a l th o u g h  th e  a b s o lu t e  v a lu e  o f  
th e  hydrogen io n  a c t i v i t y  i s  unknown.
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N e x t ,  th e  s p e c t r o s c o p ic  r e s e a r c h  on p o rp h y rin  compounds 
i s  sum m arized .
The v i s i b l e  s p e c tr a  o f  p o r p h y r in s  in  n e u t r a l  s o lv e n t s  
w h ich  a r e  i l l u s t r a t e d  in  F ig u r e  1 in  A ppendix have fo u r  
b a n d s , num bered I-IV  from  lo n g e r  to  s h o r t e r  wave len g th y  and 
in  some p o rp h y r in s  a fu r t h e r  s m a ll  ban d , l a , i s  found betw een  
band I  and H i  They a r e  term ed an e t i o - t y p e  ( I V > I I I > I I >
I ) ,  a rh od o-typ ®  ( I I I  > IV > I I  > I ) ,  an o x o r h o d o -ty p e  ( I H >  I I  > 
IV y  I ) ,  and a p h y l lo - t y p e  (IV  > I I  > I I I  > I )*  Ch lo r  in s  and 
p h o rb in s  a l s o  y i e l d  c h a r a c t e r i s t i c  s p e c t r a .  F orp h yr in s have  
a v e r y  i n t e n s e  a b s o r p t io n  b an d , a S o r e t  ban d , a t  around 400  
mu, w h ich  in  th e  p r e se n c e  o f  am ine compounds i s  s p l i t  ( 6 6 - 6 9 ) .  
Once a m e ta l io n  i s  in c o r p o r a te d  in t o  a p o rp h y rin  r i n g ,  th e  
sy s te m  becom es r ig id ^ a n d  th e  d e g r e e  o f  sym m etry in c r e a s e s  
w it h  th e  r e s u l t  t h a t  th e  f o u r  v i s i b l e  a b s o r p t io n  bands d e ­
c r e a s e  i n t o  two b a n d s , w h ich  a r e  c a l l e d  c o n v e n t io n a l ly  an  
a lp h a  band f o r  th e  lo n g  w a v e le n g th  band and a b e ta  band f o r  
th e  s h o r t  w a v e len g th  ban d . A lth ou gh  th e r e  h as
b een  a v a s t  amount o f  s tu d y  in  th e  v a r ia t i o n  o f  a b s o r p t io n  
s p e c t r a  o f  p orp h yrin  d e r iv a t i v e s  tinder a l l  manner o f  i n f l u ­
e n c e s ,  t h e s e  s t u d ie s  w h ich  a f f e c t  th e  p o rp h y r in  s p e c tr a  may 
be d iv id e d  in t o  th e  f o l lo w in g  c a t e g o r i e s :  ( i )  s o lv e n t  f i e l d
e f f e c t ;  ( i i )  s u b s t i t u e n t  e f f e c t ;  ( i i i )  m e ta l io n  f i e l d  
e f f e c t ;  ( i v )  m o le c u la r  o r b i t a l  e n e rg y  l e v e l .  In  f a c t ,  t h e s e
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a r e  n o t  e a s i l y  s e p a r a b le ;  h o w ev er , th e  a u th o r  w ou ld  l i k e  to  
sum m arize ea ch  o f  them from  t h i s  p o in t  o f  v iew *
The s o lv e n t  f i e l d  e f f e c t  i s  s t r i c t l y  due to  th e  s o lv e n t
f i e l d ,a n d  i t  was s t a t e d  by Sidman (6 4 )  t h a t  a s  th e  s o lv e n t
J L
p o l a r i t y  i n c r e a s e s ,  th e  a b so rb a n ce  due to  7L -  7L t r a n s i t i o n
JL
s h i f t s  to  lo n g e r  w a v e le n g th , b u t th e  r e v e r s e  h o ld s  f o r  n-;X  
t r a n s i t i o n .
The l ig a n d  f i e l d  e f f e c t  can  be d iv id e d  in t o  two su b -  
e f f e c t s :  t h a t  d e r iv e d  from  p o rp h y rin  m o le c u le  i t s e l f  and
th e  o t h e r  from  s o lv e n t  m o le c u le s  w h ich  a r e  l ig a n d s  to  th e
f i f t h  and th e  s i x t h  a x i a l  p o s i t i o n  o f  t e t r a g o n a l  c o m p le x e s .  
The fo rm er  e f f e c t  i s  p r im a r ily  con cern ed  w ith  th e  s t r u c t u r e  
o f  th e  p o rp h y rin  m o le c u le .  In  g e n e r a l ,  f a c t o r s  w h ich  i n ­
c r e a s e  th e  p i - e l e c t r o n  d e n s i t y  a t  th e  p e r ip h e r y  o f  th e  
p o rp h y r in  r in g  c a u se  s p e c t r a l  s h i f t s  to  lo n g e r  w a v e le n g th .
In  f a c t  s p e c t r a l  s h i f t s  to  th e  lo n g e r  w a v e le n g th  a r e  o b ser v ed  
a s  th e  e le c t r o n  w ith d ra w in g  s id e -g r o u p s  in c r e a s e  (a s  th e  
p o rp h y r in  b a s i c i t y  d e c r e a s e s )  and a s  th e  s t a b i l i t y  o f  th e  
p o r p h y r in  com p lex  w ith  d i f f e r e n t  m e ta l io n s  d e c r e a s e s  (a s  
th e  c o v a le n t  c h a r a c te r  in  th e  bonding d e c r e a s e s ) .  A s .a  
good  e x a m p le , Chu and Chu ( 6 5 )  showed s p e c t r a l  s h i f t  o f  
a b o u t on e  m il l im ic r o n  to  s h o r te r  w a v e le n g th  a s  ea ch  o f  th e  
fo u r  a c e t i c  a c id  s id e  grou p s o f  u rop orp h yrin  was r e d u c e d .
As f o r  th e  o th e r  l ig a n d  f i e l d  s u b - e f f e c t ,  d e r iv e d  from
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s o l v e n t  m o le c u le s ,  p o r p h y r in - ir o n  com p lexes (haem , haem in  
and h a e m a tin )  h ave  been  s t u d ie d  e x t e n s i v e l y  in  r e l a t i o n  to  
t h e i r  b i o l o g i c a l  f u n c t io n s  ( 6 6 - 6 9 ,  2 1 ) .  I t  can be summar­
i z e d  t h a t  d on or power e x e r te d  in  th e  z - d i r e c t i o n  by th e  
l ig a n d  h as l i t t l e  e f f e c t  on th e  sp ectru m  o f  th e  c o m p lex , b u t  
t h a t  p i-b o n d in g  in  t h i s  d i r e c t i o n  can c a u se  s i g n i f i c a n t  
d i f f e r e n c e s .  The sigm a-b on d  from  donor l ig a n d s  a r e  form ed  
w ith  th e  dz 2 o r b i t a l  o f  th e  m e ta l io n ;  t h i s  o r b i t a l  ca n n o t  
in f lu e n c e  t h e  p i - e i e c t r o n  o f  th e  p orp h yrin  n it r o g e n  atom s 
in  th e  x  and y  d i r e c t i o n s ,  and i t  a p p ea rs t h a t  th e  e f f e c t  o f  
th e  donor l ig a n d  i s  n o t  t r a n s m it t e d  to  e g  o r b i t a l s ,  
e s p e c i a l l y  dx z  o r  dy2 .  When p i-b o n d s  a r e  form ed w ith  th e  
l ig a n d  in  t h e  z - d i r e c t i o n ,  th e y  p e r tu rb  th e  m e ta l e g  o r ­
b i t a l s ,  dX2 and dyz , and th e  e l e c t r o n - d e f i c i e n c y  w h ich  i s  
in d u c e d  in  t h e s e  o r b i t a l s  a s  p i-b o n d in g  i n c r e a s e s ,  i s  r e ­
f l e c t e d  in  in c r e a s in g  o v e r la p  o f  m e ta l e  o r b i t a l s  w ith  p i -
©
o r b i t a l s  o f  th e  p o rp h y r in  n i t r o g e n  a to m s. T h is le a d s  to  a 
te n d e n c y  f o r  p i - e l e c t r o n  d e n s i t y  to  d e c r e a s e  a t  th e  p e r i ­
ph ery  o f  t h e  p o rp h y r in  r in g  w ith  a c o n se q u e n t d e c r e a s e  in  
w a v e len g  th  o f  a b s o r p t io n .
As t o  th e  m e ta l io n  f i e l d  e f f e c t ,  i t  i s  s u i t a b l e  to  
e x p la in  i t  i n  th e  t h e o r e t i c a l  d eve lop m en t o f  m o le c u la r  
s p e c tr o s c o p y  o f  p o rp h y r in  com pounds. '
The m e ta l  p o r p h in e s  h ave  f u l l  sq u are  o r  symmetry in
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p o in t  g ro u p  n o t a t i o n  (7 0 -7 3 ) .
A quantum m ech an ica l model f o r  th e  p o rp h in e  ene rgy  
s t a t e s  was g iv en  f o r  th e  f i r s t  tim e by Simpson ( 7 4 ) .  He 
perform ed Kuekel c a l c u l a t i o n s ,  b u t  th e  r e s u l t s  d is a g re e d  
w i th  e x p e r im e n ts .  He th e n  su g g e s te d  t h a t  p o rp h in e  can be 
c o n s id e re d  a  h y p o t h e t i c a l  18-membered r i n g  a s  shown below , 
w hich  in  tu r n  re sem b les  a f r e e  e l e c t r o n  c i r c u l a r  box.
Y
*i
The t o p  f i l l e d  p i - o r b i t a l  h a s  sym m etry  @— a nd  t h e  l o w e s t  
em pty  o r b i t a l  e -  . T r a n s i t i o n s  b e tw e e n  them  g e n e r a t e
fi j .4 Q0
s t a t e s  o f  sym m etry  e -  a n d  e -  . The f o r m e r  a r e  a l l o w e d  
a n d  a r e  t a k e n  a s  a n a l o g s  t o  t h e  s t r o n g  p o r p h i n e  u l t r a v i o l e t  
b a n d  ( S o r e r  b a n d ) ;  t h e  l a t t e r  a r e  f o r b i d d e n  and  a r e  t a k e n  
a s  a n a l o g s  t o  t h e  w e a k e r  v i s i b l e  b a n d s .  The e n e r g y  r e l a ­
t i o n s  w e r e  a p p r o x i m a t e l y  c o r r e c t ,  a n d  so  t h e  p o r p h i n e  band  
s y s t e m  was r o u g h l y  e x p l a i n e d .  Ha, h o w e v e r ,  a s c r i b e d  t h e  
e x i s t e n c e  o f  a  f o u r - b a n d e d  v i s i b l e  s p e c t r u m  t o  t h e  e x i s t ­
e n c e  o f  two t a u t o m a r s  o f  t h e  p o r p h i n e  f r e e  b a s e :  o n e  w i t h
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th e  two c e n t r a l  hydrogens on a d j a c e n t  n i t r o g e n s ;  one w ith  
them on o p p o s i t e  n i tro g en s®
A y e a r  l a t e r ,  i n  1950, I o n g u e t - H ig g in s , R ec to r , and 
P l a t t  (7 5 )  p u b l is h e d  an  MO-LCAO s tu d y  o f  th e  p o rp h in e  p i -  
o r b i t a l s ®  The s t a t e s  g e n e ra te d  by th e s e  o r b i t a l s  a r e  a l s o  
i n  th e  p ro p e r  ene rgy  r a n g e ,  b u t  th ey  do n o t  e x p la in  th e  
o b se rv e d  i n t e n s i t y  d i f f e r e n c e s  between th e  v i s i b l e  and 
u l t r a v i o l e t  band systems®
In  th e  p e r io d  s in c e  th e s e  p ap e rs  w ere p u b lis h e d ,  a  
number o f  advances  have been made in  th e  th e o ry  o f  p i -  
e l e c t r o n  s p e c t r a  o f  l a r g e  m o le c u le s ,  p r i n c i p a l l y  by Mu 1l i k e n ,  
P l a t t , a n d  o th e r s  (7 6 -7 7 ) .
P l a t t  (78) c l a s s i f i e d  th e  s p e c t r a  o f  p i - o r b i t a l s  in  a 
ca-ta-condensed  a ro m a t ic  sy s tem , which was g iv e n  by M o f f i t t  
(79 )  a  more t h e o r e t i c a l  basis®  P l a t t  (8 0 )  in t r o d u c e d  th e  
Q, B n o m e n c la tu re  f o r  th e  p o rp h in e  sp e c tru m , l a b e l i n g  th e  
low er en e rg y  t r a n s i t i o n  ( v i s i b l e  band) a s  Q and th e  u pper  a s  
B ( S o r e t  b a n d ) .  These bands r i s e  from a l lo w ed  ft. *• /L * t r a n ­
s i t i o n s ,  a  c o n c lu s io n  b ased  on t h e i r  s t r e n g t h  and low 
en e rg y  ( 8 1 ) .  P l a t t  (81) assumed t h a t  th e  o b se rv ed  f o u r -  
banded sp ec tru m  i s  due to  a s p l i t t i n g  o f  t h e  x ,  y d eg en eracy  
o f  a sym m etric  m e ta l  complex by th e  H-H a x i s  in  th e  po rp h in e  
f r e e  b a s e ,  and u sed  t h i s  assu m p tio n  as  a b a s i s  f o r  i n t e r ­
p r e t i n g  t h e  e f f e c t  o f  s u b s t i t u e n t s  on th e  s p e c t r a  ( 8 1 ) .
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W eigl (8 2 )  confirm ed  P l a t t ' s  model in  h i s  f lu o r e s c e n c e  p o l a r -  
i z a t i o n  s tu d y ,  which showed t h a t  th e  f i r s t  and th e  t h i r d  
v i s i b l e  bands a r e  p o la r i z e d  p e r p e n d ic u la r  to  one an o th e r*  
S in ce  th e  Q and B s t a t e s  a r e  o f  Hu symmetry, th e y  c o n s i s t  o f  
d e g e n e ra te  p a i r s  o f  s t a t e s  t h a t  w i l l  be c a l l e d  Qx , Qy and 
By shown below .







F ig u re  1. A b so rp tio n  S p e c t ra  o f  Porphine
P l a t t ' s  r e a s o n in g  f o r  th e  Q band s p l i t t i n g  i s  a s  fo l lo w s  (8 1 ) :
There had rag ed  d i s c u s s io n s  f o r  y e a r s  a b o u t  
w h e th e r  two c e n t r a l  hydrogens w ere n o rm a lly  on 
o p p o s i t e  n i t r o g e n  atoms o r  on a d j a c e n t  n i t r o g e n  
atoms o r  se rv e d  a s  b r id g e s  between th e  n i t r o g e n  
a to m s ;  o r  w h e th e r  a l l  th e s e  s p e c ie s  were p r e s e n t  
i n  an e q u i l ib r iu m  m ix tu re ,  w i th  r a p id  t r a n s f o r m a ­
t i o n  from  one to  th e  o t h e r .  This problem  was 
s e t t l e d  by Erdman and Corwin ( 8 3 ) ,  who showed 
t h a t  r e p l a c i n g  one o f  th e s e  p ro to n s  by a m ethy l
T 1122 28
group  produced  l i t t l e  change in  th e  sp ec tru m .
Such a  N -m ethyl g roup  would be ex p e c te d  to  be 
r a t h e r  t i g h t l y  bound to  a s i n g l e  n i t r o g e n  and 
sh o u ld  n o t  Lind e rg o  v e r y  r a p i d  s h i f t s  o f  p o s i ­
t i o n  t o  a n o th e r  n i t r o g e n #  A lso ,  in  th e  p r e s ­
ence  o f  t h e  b u lk y  m e th y l g ro u p , th e  rem a in in g  
p ro to n  would p r e f e r  th e  opposed p o s i t i o n  f o r  
s t e r i c  r e a s o n s .  The a d j a c e n t  c o n f i g u r a t i o n ,  
th e  b r id g e  c o n f i g u r a t i o n ,  and th e  r a p i d -  
t r a n s f o r m a t i o n  h y p o th e s i s  a r e  t h e r e f o r e  un­
n e c e s s a r y  in  a c c o u n t in g  f o r  th e  sp e c tru m . I t  
s u f f i c e s  to  assume t h a t  th e  p ro to n s  a r e  botmd 
by norm al c o v a le n t  bonds to  opposed n i t r o g e n  
atoms
I t  h as  been known t h a t  t h e  p o s i t i o n s  o f  bands I  and I I I  
i n  th e  n e u t r a l  p o rp h y r in  and  th e  a lp h a -b a n d  in  m e ta l lo -  
p o rp h y r in  v a ry  g r e a t l y  w i th  th e  n a t u r e  o f  th e  p o rp h y r in  
s u b s t i t u e n t s ,  w h i le  th e  p o s i t i o n s  o f  band I I ,  IV, and b e ta  
a r e  r e l a t i v e l y  i n s e n s i t i v e  ( 4 9 ) .  A lthough th e s e  were 
s im p ly  e x p e r im e n ta l  f i n d i n g s  by e a r l y  c h e m is t s ,  t h i s  a u th o r  
b e l i e v e s  t h a t  P l a t t ,  c o n s id e r in g  th e s e  f in d in g s  a s  w e l l  a s  
th e  f u r t h e r  e x p e r im e n ta l  f a c t  t h a t  ev e ry  s e p a r a t i o n  between 
bands I  and I I ,  I I I  and IV, and a lp h a  and b e t a  i s  c o n s t a n t ,  
h a s  c o r r e c t l y  a s s ig n e d  th e  bands I ,  I I I  and a lp h a  a s  0 -0  
t r a n s i t i o n s ,  and bands I I ,  IV and b e ta  a s  0 -1  t r a n s i t i o n s  
( 8 1 ) .  P l a t t ,  b ased  on h i s  m odel, deve loped  s p e c t r o s c o p ic  
moment v e c t o r  to  e x p la in  p o rp h y r in  s u b s t i t u e n t  e f f e c t s  on 
p o rp h y r in  s p e c t r a .
In  th e  m eantim e, t h e  m o le c u la r  o r b i t a l s  o f  th e  p o rp h y rin  
p i « e l e c t r o n s  have been d i s c u s s e d  by a number o f  a u th o r s  (7 5 , 
8 4 -9 2 ) .  S ee ly  (84 )  d i s c u s s e d  th e  problem  on th e  b a s i s  o f
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s im p le  m o le c u la r  o r b i t a l  t h e o r y ,  and Kon and Nakajima (85 )  
u sed  th e  f r e e  e l e c t r o n  n e tw o rk  method (7 7 ) .
S e e ly  d e s c r ib e d  e x c i t e d  s t a t e s  a s  a r i s i n g  from th e  
e x c i t a t i o n  o f  an e l e c t r o n  from  two to p  f i l l e d  o r b i t a l s  
( a 2 u and a^u ) to  th e  lo w e s t  empty o r b i t a l s  eg which a r e  r e p ­
r e s e n t e d  by (&2 ue <>) anc^ a i u@g)* Thus f a r ,  a l l  o f  th e s e  
r e s e a r c h e s  succeeded  p a r t i a l l y  in  e x p la in in g  s p e c t r a l  
phenomena, b u t  a l l  f a i l e d  to  g iv e  th e  r e s u l t  t h a t  th e  S o re t  
band i s  50 to  100 tim es  s t r o n g e r  th a n  th e  v i s i b l e  b a n d s .
Goutermsn (5 1 )  ex ten d ed  th e  work o f  P l a t t  and deve loped  
th e  th e o ry  o f  p o rp h y r in  e l e c t r o n i c  s t a t e s  t h a t  co u ld  i n t e r ­
p r e t  t h e  v a r i a t i o n s  in  th e  v i s i b l e  and S o re t  bands which 
r e s u l t  from changes in  s u b s t i t u t i o n  a t  th e  p e r ip h e ry  o f  th e  
p o rp h y r in  r i n g .  The s p e c t r a  a r e  d i s c u s s e d  in - te r m s  o f  a f o u r  
o r b i t a l  m odel; t h a t  i s  to  s a y ,  i n t e n s i t y  changes and en e rg y  
s h i f t s  a r e  r e l a t e d  to  th e  p r o p e r t i e s  o f  two h ig h e s t  f i l l e d  
and two lo w e s t  empty p i - o r b i t a l s .  Gouterman used  f o r  th e  
z e r o th  o r d e r  s t a t e s  a model p o rp h in e  w i th  Q° t o t a l l y  f o r ­
b id d e n  v i s i b l e  and B° s t r o n g ly  a l lo w ed  u l t r a v i o l e t  b an d s . 
Changes in  c e n t r a l  m e ta l  o r  p e r i p h e r a l  s u b s t i t u e n t  w ere 
assumed to  change th e  e n e rg ie s  o f  th e  fo u r  o r b i t a l s  in v o lv e d  
in  Q° and B°, m ixing c o n f ig u r a t i o n s  and im p a r t in g  i n t e n s i t y  
to  th e  Q band . I f  i t  i s  assumed t h a t  s t a t e s  o f  d i f f e r e n t  
p o l a r i z a t i o n  w i l l  n o t  m ix , i t  may be shown by p e r tu r b a t i o n
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th e o ry  t h a t  th e  Q s t a t e s  o f  an a r b i t r a r y  p o rp h in e  a r e :
Q x  s  Q x  +  ^ x Bx
Qy *= Qy + X yQ y
Agreement was good e x c e p t  f o r  some reduced  p o rp h y r in s .
A nother e x c e l l e n t  ag reem en t w i th  e x p e r im e n ta l  s p e c t r a  
i s  o b ta in e d  f o r  m e ta l  p o rp h y r in  i n t e r a c t i o n s .  T h is  i s  th e  
m e ta l  io n  f i e l d  e f f e c t  t h a t  t h i s  a u th o r  m entioned  e a r l ie r®  
From th e  f a c t  t h a t  th e  changes in  th e  s p e c t r a  o f  v a r io u s  
m e ta l lo p o rp h y r in s  a r e  s m a l l ,  i t  i s  c l e a r  t h a t  th e  i n t e r a c ­
t i o n  between th e  m e ta l  and th e  p o rp h y r in  i s  n o t  v e ry  s t r o n g .  
M oreover, th e  w ide v a r i a t i o n  in  th e  c e n t r a l  s u b s t i tu e n t^ ,  
t r a n s i t i o n  m e ta l s ,  a l k a l i n e  e a r t h  m e ta l s ,  a l k a l i  m e ta ls  and 
p ro to n s  im p l ie s  th e  independence  o f  th e  p e r tu r b a t i o n  from 
a number o f  f a c t o r s  t h a t  c o u ld  n o t  be ex c lu d ed  on t h e o r e t i c a l  
g ro u n d s .  Gouterman (5 1 )  p o s tu l a t e d  t h a t  two main ty p e s  o f  
i n t e r a c t i o n s  a r e  to  be e x p e c te d ,  th e  in d u c t iv e  e f f e c t  and 
th e  c o n ju g a t iv e  e f f e c t  ( 9 3 ) .  The fo rm er a r i s e s  from a change 
o f  p o t e n t i a l  a t  th e  n i t r o g e n  atoms due to  th e  d i f f e r e n t  
m e ta ls  in  th e  c e n t e r  and i s  a s im ple  one e l e c t r o n  p e r tu r b a ­
t i o n .  This p e r t u r b a t i o n  w i l l  change th e  e n e rg ie s  o f  e_. ando
th e  a 2 u o r b i t a l s ,  b u t  w i l l  n o t  a f f e c t  a^u a s  i t  has nodes 
th ro u g h  th e  c e n t r a l  n i t r o g e n  a tom s.
The c o n j u g a t i v e  e f f e c t  r e s u l t s  when a s u b s t i t u e n t  h a s  
o r b i t a l s ,  e i t h e r  f i l l e d  o r  em pty, t h a t  i n t e r a c t  w i t h  t h o s e
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o f  th e  a ro m a t ic  r in g  p i - e l e c t r o n  sy s tem . In th e  c a se  o f  th e  
t r a n s i t i o n s  o f  p o rp h in e  th e  d ^  and m e ta l  o r b i t a l s  may 
i n t e r a c t  w i th  th e  r i n g  ©g and ©2 U o r b i t a l s  r e s p e c t i v e l y ;  
t h e r e  a r e  no o r b i t a l s  o f  p ro p e r  symmetry to  i n t e r a c t  w i th  
th e  r i n g  a ^ u o r b i t a l .  The e x t e n t  to  which d o r b i t a l s  may 
ta k e  p a r t  in  b in d in g  i s  d i s c u s s e d  r a t h e r  e x t e n s iv e ly  by 
C r a ig s M aceo il ,  Nyholm, O rge l and S u tto n  (94) and C raig  
and Magnusson (9 5 ) ,  who p o in te d  o u t  t h a t  i n  th e  c a se  o f  p o r -  
p h ine  th e  s i m i l a r i t y  o f  th e  s p e c t r a  o f  m e ta ls  o f  r a t h e r  
d i f f e r e n t  e l e c t r o n i c  s t r u c t u r e  makes i t  seem l i k e l y  t h a t  d 
o r b i t a l s  do n o t  g r e a t l y  a f f e c t  th e  p i  s t r u c t u r e .  These 
e m p i r i c a l  f a c t s  le a d  to  th e  id e a  t h a t  i t  i s  o n ly  an o r b i t a l  
on th e  ■metal o f  p symmetry t h a t  w i l l  s t r o n g ly  c o n t r i b u t e  to  
th e  c o n ju g a t iv e  e f f e c t .  On symmetry grounds such an o r b i t a l  
can o n ly  a f f e c t  th e  a 2 u o r b i t a l  o f  p o rp h in e .  Under th e  
f u r t h e r  a ssu m p tio n  t h a t  th e  r a t i o  o f  c o n ju g a t iv e  to  in d u c ­
t i v e  e f f e c t  i s  a b o u t  th e  same f o r  a l l  m e ta l s ,  Gouterman (51 )  
e s t im a te d  th e  o s c i l l a t o r  s t r e n g t h  o f  Q t r a n s i t i o n  in  m e ta l l o -  
p o rp h y r in .  He p l o t t e d  o s c i l l a t o r  s t r e n g t h  v e r s u s  t r a n s i t i o n  
ene rgy  o f  Q t r a n s i t i o n  in  two c a s e s ,  t e t r a p h e n y lp o r p h in e s  
and o c t a a l k y lp o r p h i n e s • There s u r p r i s i n g l y  good a g r e e ­
ment between e x p e r im e n ta l  d a ta  and e s t im a te d  v a l u e s .
Gouterman (51 )  a l s o  i n d i c a t e d  t h a t  t h e r e  i s  an e x c e l l e n t  
c o r r e l a t i o n  between e l e c t r o - n e g a t i v i t y  o f  v a r io u s  m e ta l  io n s
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and en e rg y  o f  Q t r a n s i t i o n .  B ecause , as  th e  c e n t r a l  m e ta l  
becomes l e s s  e l e c t r o n e g a t i v e ,  p a r t  o f  p i  e l e c t r o n  d e n s i ty  
lo c a te d  in  th e  m e ta l  p ^  o r b i t a l  can move back to  th e  r in g  
cause  a r i s e  in  en e rgy  o f  th e  a 2 u o r b i t a l  th ro u g h  a 
d im in is h in g  o f  th e  c o n ju g a t iv e  e f f e c t .  However, h i s  the©*® 
r e t i c a l  e s t im a t io n  i n d i c a t e s  a predom inance o f  th e  con- 
j u g a t i v e  e f f e c t  o f  th e  m e ta l  p_ o r b i t a l *
A l l  o f  th e s e  d i s c u s s io n s  taken  i n t o  c o n s i d e r a t i o n ,  i t  
seems r e a s o n a b le  to  co n c lu d e  t h a t  th e  r e l a t i v e  s t a b i l i t y  
o r d e r  o f  m e ta l lo p o rp h y r in s  w hich i s  induced  e x p e r im e n ta l ly  
and d is c u s s e d  e a r l i e r  i s  a d e r i v a t i o n  o f  an i n t r i n s i c  p ro p ­
e r t y  o f  m e ta l lo p o rp h y r in s *  But t h i s  i s  r e f u t e d  a t  l e a s t  in  
one c a se  by Corwin e t  a l*  ( 6 8 ) .  They found t h a t  th e  Q t r a n ­
s i t i o n  i s  s t r o n g ly  in f lu e n c e d  by th e  p r o p e r ty  o f  s o lv e n t  
m o le cu le s  w hich may be l ig a n d s  to  th e  f i f t h  and th e  s i x t h  
p o s i t i o n  o f  ,  com plex.
Gouterman deve loped  h i s  f o u r - o r b i t a l  model f u r t h e r  (9 6 -  
9 7 ) .  S evere  Hiickel p a ram e te rs  were used  to  f o r c e  o r b i t a l  
deg en eracy  by assum ing th e  n i t r o g e n s  so.much more e l e c t r o ­
n e g a t iv e  th a n  th e  ca rbons  t h a t  th e y  a r e  p r a c t i c a l l y  removed 
from th e  p a th  o f  c o n ju g a t io n .  This a s su m p tio n ,  i f  c a r r i e d  
to  th e  l i m i t ,  would have l e f t  th e  ca rbons  in  a 2 0 «member@d 
c y c l i c  p o ly e n e .  This q u a n t i t a t i v e  t r e a tm e n t  had some 
s u c c e s s  in  p r e d i c t i n g  th e  s p e c t r a  o f  reduced  p o rp h y r in s  a s
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w e l l  a s  th o s e  o f  te t r a b e n z o p o rp h y r in  and ph thalocyanine®  I t  
f a i l e d  b a d ly ,  how ever, to  p r e d i c t  ground s t a t e  geom etries®  
Kobayashi (9 8 )  was th e  f i r s t  to  a t te m p t  SCF P a r i s e r -  
P a r r  c a l c u l a t i o n s  on th e s e  sy s te m s , and was a b l e  to  r e p r o ­
duce c o r r e c t l y  B/Q i n t e n s i t y  r a t i o  by u s in g  r e a s o n a b le  
param eters®  He (99 )  a l s o  c o r r e c t l y  concluded  t h a t  in n e r  16- 
membered r i n g  w i th  18 e l e c t r o n s  was th e  main p a th  o f  c o n ju ­
g a t io n  (i®e®, bonds o f  e q u a l  bond length)®  Gouterman (100) 
confirm ed  th e  r e s u l t s  o f  Kobayashi and gave t h e o r e t i c a l  
j u s t i f i c a t i o n  to  th e  e a r l i e r  su c c e s s  o f  th e  f o u r - o r b i t a l  
model by a p p ly in g  th e  P a r i s e r - R a r r - P o p ie  s e l f  c o n s i s t e n t  
m o le c u la r  o r b i t a l  method (SCMO-PPP)(1 0 1 ) .  This method has 
had rem a rk a b le  s u c c e s s  in  p r e d i c t i n g  th e  s p e c t r a  and g round- 
s t a t e  p r o p e r t i e s  o f  a ro m a t ic  hyd ro carb o n s  and h e t e r o c y c l i c  
r i n g s  (101)® Gouterman so lv e d  many p u z z le s  posed by e a r l i e r  
a p p ro ac h es  and a l s o  succeeded  in  p r e d i c t i n g  th e  energy  o f  
some a b s o rp t io n  lower than  th e  S o re t  peak (1 0 3 ) .  Gouterman 
and Z e m e r  ex ten d ed  SCMO-PPP approach  to  th e  t r a n s i t i o n a l  
m e ta l  complexes (104-106)®
The ad hoc th e o ry  deve loped  by P l a t t  and Gouterman f o r  
th e  i n t e r p r e t a t i o n  o f  p o rp h y r in  s p e c t r a  co u ld  be f a i r l y  w e l l  
t h e o r i z e d  by th e  most v ig o ro u s  a v a i l a b l e  form o f  p i  e l e c t r o n  
th e o r y ,  SCIiO-PPP.
This a u th o r  b e l i e v e s  t h a t  sooner  o r  l a t e r  th e  v ig o ro u s
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a p p l ic a t io n  o f  com p u ters w i l l  s o lv e  th e  problem  from  a p r a c ­
t i c a l  p o in t  o f  v ie w .  For ex a m p le , an a n a lo g  made
o f  s p e c i a l l y  p rep ared  s p r in g  can im m ita te  th e  p orp h yrin  
sy s te m  ( 1 0 7 ) .
The f o l lo w in g  i s  a b r i e f  l in e - u p  o f  r e c e n t l y  p u b lish e d  
and i n t e r e s t i n g  p a p e r s . The a u th o r  w ould  l i k e  t o  c i t e  o n ly  
t i t l e s  f o r  ou r  f u t u r e  d ev e lo p m en t o f  p orp h yrin  r e s e a r c h .
The s t r u c t u r e  o f  p o rp h y r in  c r y s t a l s  a r e  a n a ly z e d  by 
X -ray  te c h n iq u e  by F le i s c h e r  e t  a l .  ( 1 0 8 ) ,  and Hamor e t  a l .  
( 1 0 9 - 1 1 1 ) .
P h oto in d u ced  p o rp h y r in  f r e e  r a d ic a l  w as r e p o r te d  by 
M a n zera ll e t  a l .  ( 1 1 2 - 1 1 3 ) .
As n ew ly  d e v e lo p e d  a n a l y t i c a l  m eth o d s ,a  number o f  
p o r p h y r in s  c o u ld  be r e s o lv e d  by column p a r t i t i o n  ch rom ato­
graphy by u s in g  d im e th y l s u l f o x i d e  ( 1 1 4 ) .  Pyro l y s i s  g a s  
chrom atography was a p p l ie d  s u c c e s s f u l l y  f o r  th e  r a p id  id e n ­
t i f i c a t i o n  and a n a l y s i s  o f  p o rp h y r in s  ( 1 1 5 ) .
S in c e  p o rp h y r in  compounds have a r o m a t ic i t y ,  v a r io u s  
e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t io n s  c h a r a c t e r i s t i c  o f  
a r o m a tic  com pound, n i t r a t i o n ,  a m in a t io n , h a lo g e n a t io n ,  h y ­
d roxy  l a t i o  n ,  e t c .  a r e  t r i e d  ( 1 1 6 - 1 1 7 ) .
A s o p h i s t i c a t e d  m ethod t o  p rep a re  m esoporph yrin  IX and 
e t io p o r p h y r in  I I I  from  haerninwas r e p o r te d  by Corwin e t  a l . ,  
w h ich  w i l l  s e c u r e  th e  s o u r c e  o f  p orp h yrin  compound f o r  f u t u r e
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r e s e a r c h  (1 1 8 ) .
C h lo ro p h y ll  i s  known a s  a c a t a l y s t  f o r  m etabo lism  in  
g re e n  l e a v e s ,  o b se rv e d  a l s o  to  c a t a l y z e  p o ly m e r iz a t io n  
o f  m e th y l m e ta a c r y la te  (1 1 9 ) .
D isc u ss io n  o f  T hesis  Problem 
The a u th o r  would l i k e  to  d i s c u s s  th e  scope o f  h i s  
t h e s i s  problem  in  t h i s  p a r t .
In  th e  f i r s t  p l a c e ,  th e  a u th o r  d i s c u s s e s  more d e t a i l s  
o f  two proposed  mechanisms o f  p o rp h y rin  i n s t a l l a t i o n : '  
F l e i s c h e r ' s  mechanism (24) and Baum's mechanism (2 7 ) .
F l e i s c h e r  employed o( -f 9 X  ,  £  - t e t r a - ( 4 - p y r i d y l ) -  
p o rp h in e  in  aqueous a c id  i n  th e  pH ra n g e  1 .4  to  2 . 4 .  He p r e ­
s e n te d  th e  fo l lo w in g  m e c h a n is t ic  scheme.
PH2  + 2HT3=s
K
S tep  1
PH2  + t ? + 5=i' MPH2  + %AT S tep  2
MPH2+ 5 = i MPH* + h+
ksat
S tep  3
MPH* + M2*---- » MP + H* + t ? * k l S tep  4
Under th e  a ssu m p tio n  t h a t  s t e p  1, 2, and 3 a r e  in  r a p id  
e q u i l i b r iu m  and s t e p  4 i s  r a t e - c o n t r o l l i n g ,  F l e i s c h e r  i n t r o ­
duced th e  o b se rv e d  r a t e  c o n s t a n t ,  kofeg , a s  f o l lo w s ;
k l KSATKk r CM 
o b s .  (H+) p  + K5 ATCm + Kd (H+)2 J
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F l e i s c h e r  r e p o r t e d  e x p e r im e n ta l  d a ta  in  one c a s e ,  th e  
fo rm a tio n  o f  s i n e  t e t r a p y r id y lp o  rphin® a t  pH 2*0 and 2 5 . 0 ° .
The l i n e a r  ag reem en t was good b u t ,  kobg# does n o t  g iv e  a 
v a lu e  o f  z e ro  when e x t r a p o la t e d  to  25 0 .
S in ce  t h i s  m e ta H a t io n  i s  m easured in  f a i r l y  s t r o n g  
a c i d i c  c o n d i t i o n ,  s t e p  1  i s  q u i t e  r e a s o n a b le  even though Kq 
m ust be v e ry  s m a l l :  F l e i s c h e r  assumed Kp -  5 .4  x 10 from
h i s  p re v io u s  p ap er  ( 2 3 ) .  S tep  2 i s  th e  s t e p  o f  fo rm a tio n  o f  
th e  s i t t i n g - a t o p  complex in  h i s  i n t e r p r e t a t i o n ,  and s t e p  3 i s  
th e  f i r s t  d e p r o to n a t io n .  A l l  o f  th e s e  s t e p s  a r e  u n d e r s ta n d ­
a b l e  w i th o u t  any p a r t i c u l a r  o b j e c t i o n .  However, in  s t e p  4 ,  
i t  i s  a  l i t t l e  h a rd  to  u n d e rs ta n d  th e  r o l e  o f  m e ta l  io n  
w hich a p p e a rs  to  knock o f f  a  p ro to n  from MPH4*® D e r iv a t io n  
o f  h i s  r a t e  e q u a t io n  i s  u n d e r s ta n d a b le  e x c e p t  t h a t  F l e i s c h e r
I «s»
n e g l e c t s  th e  te rm  ^SAT^SAT^M^^ which i s  p ro b ab ly  n o t  
n e g l i g i b l e  i f  Kq(H*)^ r e m a in s .  This a u th o r  can d e r iv e  th e
fo l lo w in g  e q u a t io n  from th e  same a ssu m p tio n s ,
t 2
k l KSATKSATCM
K U ~     ( 1 - 3 )
• <h+ ) [ i  +  k s a x c m +  KS A tKSATc M/H -r T ^ a ? ,r ]
A c tu a l ly  t h i s  a u th o r  e s t im a te s  t h a t  th e  t h i r d  and th e  f o u r th  
terms in  th e  b r a c k e t  o f  denom inato r  are r e l a t i v e l y  n e g l i g i b l e .  
A no ther  n o te w o rth y  p o in t  i s  th e  second o r d e r  dependence o f  
m e ta l  i o n .  The assumed v a l i d i t y  o f  th e  v a lu e  o f  no
c o n s id e r a t i o n  o f  i o n i c  s t r e n g t h  in  an aqueous i o n i c  r e a c t i o n ,
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no c o n s id e r a t i o n  o f  pH c o n t r o l  and no e x p la n a t io n  o f  a n a l y t i c *  
a l  w av e len g th  f o r  th e  k i n e t i c  m easurem ents c a s t  some doub ts  
on h i s  r e s u l t s ®
Baum proposed  a m e c h a n is t ic  scheme f o r  magnesium m e ta l -  
l a t i o n ,  based  on k i n e t i c  d a t a  in  m e th an o l,  t h a t  in  th e  
a b sen ce  o f  c a t a l y s t ,  p y r i d i n e ,  th e  r a t e - d e t e r m in i n g  s t e p  
in v o lv e s  p ro to n  rem oval from f r e e  p o rp h y r in  ( p o s s ib ly  accom­
p a n ied  by in te r n a 1 -r e a r r a n g e m e n t ) ,  w hereas i n  th e  p re se n c e  
o f  c a t a l y s t  th e  r a t e - l i m i t i n g  s t e p  i s  a g a in  p ro to n  rem oval 
from  p o rp h y r in ,  b u t  now from a t e r n a r y  complex o f  p y r id in e -  
magnesium -porphyrin®  Thus, th e  r a t e  e q u a t io n  i s  a s  f o l lo w s :
, (PH 2 )  *  V (M82 + )  ( j y )r a t e  s - k ,  — -™- + ( 1 - 4 )1 (H+) ^ (H* }
The K in e t ic  m easurem ent was made in  a c e to n e  and m ethano l a t  
9 0 -1 1 0 °  by u s in g  d e u te r o p o rp h y r in  d im e th y l es ter®  Baum p r e ­
s e n te d  th e  fo l lo w in g  scheme f o r  th e  u n c a ta ly s e d  p a th ,
( I )  BH ? = ?  B” + H+
B" + PH2 PH" + BH 
PH” + Mg2* r a p i d  j ^ p  + H+
B~ ~ b a s e  (CHgO , OH** e t c . )
o r  ( I I )  PHj ------- > PH" -5- H+
PH" ----- >• (PH")
PH" + Mg2 * g aP_j-» Mgp + H+ '
The f i r s t  se q u en ce  g i v e s  th e  k i n e t i c  term  o f  kK (BH )(PH ^)/(H + )
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and th e  second p roposed  sequence  y i e l d s  k(PH2 ) / (H + ) ,  b o th  o f  
w h ich  m eet Baum*s k i n e t i c  e x p r e s s io n ,  a l th o u g h  Baum does 
n o t  s t a t e  which sequence  i s  th e  r i g h t  o n e . However, th e s e  
two proposed  mechanisms a r e  h ig h ly  u n l i k e l y .  D is s o c ia t io n  
o f  f r e e  p o rp h y r in  a s  d e s c r ib e d  by Baum i s  ex tre m e ly  low land , 
i n  f a c t ,  no one has succeeded  in  m easuring  i t  a l th o u g h  Baum 
w rongly  c i t e s  Neviherger and S c o t t ' s  (25 )  paper  t h a t  porphy** 
r i n  has  a pK ( d i s s o c i a t i o n )  o f  16. I t  seems to  t h i s  a u th o r  
t h a t  t h i s  i s  .McSwen's paper  (5 2 )  c i t e d  e a r l i e r .  Baum used 
t x i s » :{hydroxym ethyl)-»am inom ethane a s  a b u f f e r 5 t h e r e f o r e  i t  
s u r e l y  has  a  c a t a l y t i c  e f f e c t  on th e  r a t s  o f  i n s t a l l a t i o n .
But e v i d e n t l y  Baum m issed  t h i s .  Hence, to  t h i s  a u t h o r ,  th e  
u n c a ta ly s e d  p a th  and i t s  mechanism seem to  be th e  com ple te
m i s i n t e r p r e t a t i o n  o f  th e  c a t a l y s e d  p a th  by t r i s  « (hydroxym ethy 1 )«
a min ome th a n  e e
As f o r  c a ta ly z e d  p a th ,  Baum proposed  th e  fo l lo w in g  
schem e:
iy  + Mg + PH2 -t— -  jyMgPH2
ryMg ?h2 <— > jyMgPH* + h+
iyKgPH+ ------» pyMgp + h+
The proposed  te rm o le c u la r  mechanism i s  a l s o  h ig h ly  u n l i k e l y .
Of c o u r s e ,  t h e r e  a r e  many r e a c t i o n s  in  s o l u t i o n s  in  w hich 
s o lv e n t  m o lecu les  i n t e r a c t  f i r s t  w i th  one o f  th e  r e a c t a n t s  
w hich su b s e q u e n t ly  r e a c t  w i th  a n o th e r  and e v e n tu a l ly  c o n v e r t
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to  products®  But i f  i s  h ig h ly  u n l i k e l y  f o r  th r e e  m o lecu les  
to  c o l l i d e  to  s t a r t  a reac tio n ®  F u rth e rm o re , th e  r a t e -  
d e te rm in in g  s t e p ,  f i r s t  d e p r o to n a t io n  o r  second  d e p ro to n a ­
t i o n ,  i s  l e f t  u n d isc u sse d *  No c o n s id e r a t io n  o f  i o n i c  
s t r e n g t h  and o f  c a t a l y t i c  e f f e c t  by th e  t r i s - ( h y d r o x y m e th y l ) -  
aminomethane used  as  b u f f e r  a r e  given* The s ta te m e n t  t h a t  
pH r e a d in g s  a r e  th e  same i n  w a te r  and in  m e th an o l ,  and th e  
la c k  o f  d e t a i l s  o f  a n a l y t i c a l  method used  a l s o  c a s t  some 
d o u b ts  on h i s  r e s u l t s *
A l l  o f  th e s e  d i s c u s s io n s  ta k e n  i n t o  a c c o u n t ,  i t  i s  n o t  
to o  much to  say  t h a t  t h e r e  i s  l i t t l e  known a b o u t  th e  mechan­
ism  o f  p o rp h y r in  i n s t a l l a t io n *  None o f  th e s e  r e s e a r c h e s  was 
t r i e d  u n d e r  r e a s o n a b ly  s t r i c t  r e a c t i o n  condition®  There 
must be s u f f i c i e n t  c o n s id e r a t i o n s  o f  i o n i c  s t r e n g t h  and pH 
e s p e c i a l l y  i n  such a c i d -  o r  b a s e - c a t a ly z e d  r e a c t i o n  as  
m e t a l l a t i o n .  S ince  th e  a u th o r  p r e f e r s  to  u se  p e r c h l o r a t e  o f  
m e ta l  io n s  a s  so u rce s  o f  m e ta l  i o n s ,  l i t h iu m  p e r c h l o r a t e  o r  
sodium p e r c h l o r a t e  m ust be s u i t a b l e  f o r  a d j u s t i n g  i o n ic  
s t r e n g th *  In  o rd e r  to  a d j u s t  pH, th e  a u th o r  would l i k e  to  
u se  th e  p y r id in iu m  i o n - p y r i d in e  system  f o r  b u f f e r ,  which a l s o  
works a s  c a t a l y s t *  I f  th e  r a t i o  o f  p y r id in iu m  io n - p y r i d in e  
i&ilfoefdns c o n s t a n t ,  th© c o n c e n t r a t io n  o f  l y a t e  io n  i s  a l s o  
k e p t  c o n s ta n t*  C o n se q u e n tly , g e n e r a l  base  c a t a l y s i s  can be 
d i s t i n g u i s h e d  from s p e c i f i c  b ase  c a t a l y s i s  in  th e s e  i n s t a l l a ­
t io n s *
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LABORATORY WORK
The l a b o r a t o r y  w o rk  o f  t h i s  t h e s i s  c o n s i s t s  o f  d e s ­
c r i b i n g  i n s t r u m e n t s ,  r e a g e n t s ,  e x p e r i m e n t a l  m e th o d ,  p r e ­
l i m i n a r y  e x p e r i m e n t s - I  and I I ,  m agnes ium  m e t a l l a t i o n ,  and  
c o p p e r  m e t a l l a t i o n ®
I n s t r u m e n t s
S p e e t r o p h © t o m e t r i e  m e a s u r e m e n ts  w e r e  made by Beckman 
Model DK-2A r a t i o  r e c o r d i n g  s p e c t r o p h o t o m e t e r  and  Beckman 
Model DU s p e c t r o p h o t o m e t e r .  In  p a r t i c u l a r ,  k i n e t i c  m e a s u r e -  
m e n t s  w e re  u n d e r t a k e n  w i t h  t h e  DU s p e c t r o p h o t o m e t e r .
F is h e r  Tem perature  C o n t ro l ,  Model 44 ( c a t a lo g  No. 
lS -lTTJ^w as used  f o r  te m p e ra tu re  c o n t r o l  o f  w a te r  b a th  
f o r  co p p e r  m e t a l l a t i o n .  B r ie f  sk e tc h e s  and o p e r a t in g  
c o n d i t io n s  o f  in s t ru m e n ts  a r e  g iv en  below .
Beckman Model DK-2 A R a t i o  R e c o r d i n g  S p e c t ro p h o to m e te r  (120)
The v i s i b l e  a n d  u l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  w e re  
m e a s u r e d  on t h i s  i n s t r u m e n t  w i t h  t h e  f o l l o w i n g  s e t t i n g s :
40
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Scan t i m e : 5
S c a l e  e x p a n s i o n lx
F u n c t i o n A b s o r b a n c e
Time c o n s t a n t 0-10
R a n g e : 0 -1  A b s o r b a n c e
S e n s i t i v i t y : 0.012
Lamp T u n g s te n
D e t e c t o r : 1 x P h o t o m u l t i p l i e r
Beckman Model DU S p e c t r o p h o t o m e t e r  (121)
—111 m i in i n ii mm ii mm n h i  «  n it 11 i~r in m nmi i m ^ r ■ . ■ff i irg n . i. r u  ir f r  i ■■ iimiiii in  ■nmwii m i u w i m  i|f> r~— maiT.rniwiimn ~r n aTnii
M e a s u re m e n ts  o f  a b s o r b a n c e  a t  a n a l y t i c a l  w a v e l e n g t h s  
w e r e  made by t h i s  s p e c t r o p h o t o m e t e r .  T h is  i n s t r u m e n t  i s  
l e s s  s o p h i s t i c a t e d  t h a n  Model DK-2 A s p e c t r o p h o t o m e t e r ,  
a n d  t h e r e  i s  no  s p e c i a l  c o n s i d e r a t i o n  f o r  o p e r a t i n g  c o n ­
d i t i o n  w h ic h  i s  d e l i n e a t e d  i n  t h e  m an ua l  a s  ’’S t e p w i s e  
O p e r a t i n g  P r o c e d u r e . ”
F is h e r  T em perature C o n t r o l« Model 44 (Catalog; No. 15-177)
A c o m p l e t e l y  t r a n s i s t o r i s e d  c o n t r o l  u n i t  w i t h  a  t h e r ­
m i s t o r  a s  a s e n s i n g  e l e m e n t  i s  u s e d  t o  p r o v i d e  c l o s e r  c o n ­
t r o l  o f  t e m p e r a t u r e  w i t h  a  s h o r t e r  t i m e  l a g  t h a n  t h e  m e r c u r y  
r e g u l a t o r .  I t  a l s o  p r o v i d e s  an  i n t e g r a l  c o n t r o l l e d  o u t l e t
f o r  a h e a t e r .  The r a n g e  o f  t h e  t e m p e r a t u r e  c o n t r o l  i s  
o of ro m  -40 t o  150 • The r e s p o n s e  t o  t e m p e r a t u r e  c h a n g e
i s  l e s s  t h a n  0 .0 0 3 °  a t  40° •
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R e a g e n t s
ISxtreme c a r e  m u s t  be t a k e n  i n  t h e  p u r i t y  o f  r e a g e n t s , 
b e c a u s e  a s m a l l  a m o u n t? o f  i m p u r i t i e s ,  m e t a l  i o n s ,  p e r o x i d e s ,  
a n d  t h e  l i k e  may c a u s e  d e c o m p o s i t i o n  o r  s h i f t s  o f  s p e c t r a  
c h a r a c t e r i s t i c  o f  p o r p h y r i n ,  w hose  c o n c e n t r a t i o n  i s  u s u a l l y  
i r: m i c r o - m o l a r .  H en ce ,  d i s t i l l a t i o n  i s  m a n d a to r y  f o r  e v e r y  
r e a g e n t ,  e v en  r e a g e n t  g r a d e .
S v e r y  r e a g e n t  u s e d  i s  l i s t e d  b e lo w  w i t h  t h e  o r d e r :  
name o f  r e a g e n t ;  g r a d e ;  t h e  name o f  company;  t h e  m eth od  o f  
p u r i f i c a t i o n ;  and t h e  f r a c t i o n  c o l l e c t e d .
S o l v e n t s
A c e t o n e ,  a n a l y t i c a l  r e a g e n t ,  M a l l i n e k r o d t  C h e m ica l  
W o rk s ,  r e f l u x e d  and d i s t i l l e d  o v e r  a n h y d r o u s  p o t a s s i u m  
c a r b o n a t e  ( 1 2 2 ) ,  5 0 .2 - 5 1 .0 °  • 1 .3 5 8 4 .
A c e t o n e ,  t e c h n i c a l ,  A l l i e d  C h e m i c a l ,  s i m p l e  d i s t i l l ­
a t i o n  ( o n l y  u s e d  f o r  t h e  p u r p o s e  o f  r i n s i n g  e q u i p m e n t ) .
B e n z e n e ,  ACS r e a g e n t ,  A l l i e d  C h e m i c a l ,  s i m p l e  d i s -  
f i l i a t i o n ,  7 2 .9 - 7 3 .4 °  .
C h l o r o f o r m ,  ACS r e a g e n t ,  A l l i e d  C h e m i c a l ,  s i m p l e  
d i s t i l l a t i o n  5 4 .0 - 5 4 .9 °  .
G l a c i a l  a c e t i c  a c i d ,  r e a g e n t ,  Du P o n t ,  s i m p l e  d i s ­
t i l l a t i o n .
P e r c h l o r i c  a c i d ,  r e a g e n t  72%, A l l i e d  C h e m i c a l ,  u s e d
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w i th o u t  f u r t h e r  p u r i f i c a t i o n .
Methyl a l c o h o l ,  ACS r e a g e n t ,  A l l i e d  C hem ical, r e f lu x e d  
and d i s t i l l e d  o v er  magnesium tu r n in g s  and io d in e  (1 2 3 ) ,  
5 9 .8 - 6 0 .0 °  .
W a t e r ,  s i m p l e  d i s t i l l a t i o n  o f  d i m i n e r a l i z e d  w a t e r .  
Amines
A n i l in e ,  r e a g e n t ,  Kastman Kodak, d i s t i l l e d  o v e r  z in c
d u s t  a n d  r e d i s t i l l e d ,  1 7 6 .0 -1 7 6 .9 °  •
B e n z y l a m i n e ,  r e a g e n t ,  M a th e s o n  Coleman & B e l l ,  d i s ­
t i l l e d  o v e r  so d iu m  h y d r o x i d e ,  1 7 6 ,0 -1 7 7 .0 °  •
C y c i o h e x y l a m i n e ,  r e a g e n t ,  M onsanto  C h e m i c a l ,  d i s t i l l e d  
o v e r  so d iu m  h y d r o x i d e ,  1 2 7 ,0 -1 2 8 .0 °  .
2 , 6 - L u t id in e ,  p r a c t i c a l  (95%), Kastman Kodak, d i s -
o
t i l l e d  o v e r  barium  o x id e  and r e d i s t i l l e d ,  1 3 6 .0 -1 3 6 .5  .
M o r p h o l i n e ,  p r a c t i c a l ,  M atheson  Coleman & B e l l ,  d i s ­
t i l l e d  o v e r  so d iu m  h y d r o x i d e ,  1 1 9 .0 -1 2 1 .0 °  •
i y r i d i n e ,  r e a g e n t ,  F is h e r  S c i e n t i f i c  C o .,  d i s t i l l e d  
o v e r  barium  o x id e  and r e d i s t i l l e d ,  1 0 7 .5 -1 0 8 .5 °  • 
n ^  = 1 .5081 .
P ip e r i d i n e ,  p r a c t i c a l ,  Kastman Kodak, d i s t i l l e d  o v e r  
sodium h y d ro x id e ,  9 8 .1 - 9 9 .1 °  •
4 - P i c o l i n e  ( X  - p i c o l i n e ) , r e a g e n t ,  M atheson  Coleman 
& B e l l ,  d i s t i l l e d  o v e r  b a r i u m  o x i d e ,  1 3 6 .9 -1 3 8 .0 °  •
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Q u in o l in e ,  s y n t h e t i c ,  Eastman Kodak, vacuum d i s t i l l a ­
t i o n  (41 mmHg), 1 3 6 .5 -1 3 6 .9 °  •
T o lu id in e ,  r e a g e n t ,  Matheson Coleman & B e l l ,  u sed  
w i th o u t  f u r t h e r  p u r i f i c a t i o n .
f t -N aph thy lam ine , p r a c t i c a l ,  Eastman Kodak, u sed  w i th ­
o u t  p u r i f i c a t i o n .
T r is - (h y d ro x y m e th y l) -a m in o  m ethane, r e a g e n t ,  F is h e r  
S c i e n t i f i c  C o .,  used  w i th o u t  p u r i f i c a t i o n .
S a i t s
The fo l lo w in g  r e a g e n t s  w ere used w i th o u t  f u r t h e r  
p u r i f i c a t i o n .  Ify d ra tio n  number i s  shown by fo rm u la .
Magnesium p e r c h l o r a t e  ( a n h y d ro u s ) ,  r e a g e n t  (code 1921), 
A l l i e d  C hem ical.
Copper ( I I )  p e r c h l o r a t e  ( h y d r a te d ) ,  C u ^ l O ^ j G H ^ f  
r e a g e n t ,  G. F. Smith Chemical Co.
Copper ( I I )  a c e t a t e  ( h y d r a t e d ) ,  Cu(CH^CC^ ^ **2 
r e a g e n t ,  J .  T. Baker Chem ical Co.
Copper ( I I )  o x id e ,  CuO, r e a g e n t ,  A l l i e d  C hem ical.
Sodium p e r c h l o r a t e  ( h y d r a t e d ) ,  NaClO^H^, r e a g e n t ,
G. F. Smith Co.
Sodium p e r c h l o r a t e  ( a n h y d ro u s ) ,  r e a g e n t ,  Kahlbaum 
Chemische F a b r ik .
Sodium a c e t a t e  ( a n h y d ro u s , )  r e a g e n t ,  Merck & Co.
P o tass iu m  c a rb o n a te  ( a n h y d ro u s ) ,  ACS r e a g e n t ,  A l l i e d  
C hem ical.
Barium o x id e ,  r e a g e n t ,  G. F* Smith Co*
in  d im e th y l  e s t e r
A p ro d u c t  o f  Chem icals P rocurem ent L a b o r a to r ie s ,  I n c .
B a s ic  te c h n iq u e s  to  p re p a re  sa m p les ,  newly d es ig n ed  
a p p a r a tu s ,  n e c e s s a r y  c a u t i o n s ,  and a n a l y t i c a l  methods a r e  
d e s c r ib e d  in  t h i s  s e c t i o n .
Two d i f f e r e n t  types o f  h e a t in g  b a th s  w ere used  f o r  
th e  k i n e t i c  e x p e r im e n ts .
For th e  e x p e r im e n ts  in  co p p e r  m e t a l l a t i o n ,  a w a te r  
b a th  eq u ip p ed  w ith  c o n t r o l  and co n t in u o u s  h e a t in g  c o i l s ,  
a m e ta l  s t i r r e r ,  a t h e r m i s t o r  p ro b e ,  a Beckmann therm o­
m e te r ,  and an  o r d in a r y  t o t a l  imm ersion therm om eter were
ou sed  and th e rm o re g u la te d  a t  30 by th e  F i s h e r  Tempera­
t u r e  C o n tro l  (Model 4 4 ) .  The te m p e ra tu re  was so f i n e l y  
c o n t r o l l e d  t h a t  th e  s u rg in g  te m p e ra tu re  change was w i th in  
th e  ran g e  o f  -  0 . 0 1 °  a t  30° . Ihe b a th  i s  i t s e l f  covered  
by b la c k  c l o t h  and l id d e d  by ca rd b o a rd  to  p r o t e c t  th e  
sam ples from p o s s i b l e  p h o to d e c o m p o s i t io n .
ISxperlm ental Method
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For th e  ex p e r im en ts  in  magnesium m e t a l l a t i o n ,  an o i l  
b a th  was d es ig n ed  and th e rm o s ta te d  a t  1 0 0 °  by a m ic r o - s e t  
th e rm o re g u la to r  ( a p ro d u c t  o f  P re c is io n  S c i e n t i f i c  C o .) .
Two immersion h e a t e r s  (one f o r  c o n s ta n t  h e a t in g  and th e  
o t h e r  f o r  c o n t r o l ) ,  a m ic r o - s e t  th e rm o r e g u la to r ,  a Beckmann 
the rm om ete r, a g l a s s  s t i r r e r ,  w ere  s e t  i n s i d e  a 9% -in .- 
d i a .  s to n ew are  c ro c k .  This c ro c k  was p la ced  in  a 10%-in.- 
d i a .  s tonew are  c ro c k .  Three co rk  s to p p e r s  were i n s e r t e d  
between th e  two c ro c k s  to  h o ld  them in  a f ix e d  p o s i t i o n ,  
and v e r r a i c u l i t e  was s t u f f e d  to  d e c re a se  th e  h e a t  l o s s .  
L u b r ic a t in g  o i l ,  o b ta in e d  from th e  sch o o l w arehouse , was 
used  a s  h e a t in g  o i l .
The la y o u t  o f  th e r m o r e g u la to r ,  c o n t r o l  h e a te r ,  and 
c o n t in u o u s  h e a t e r  i s  q u i t e  i n f l u e n t i a l  in  keep ing  th e  
ra n g e  o f  te m p e ra tu re  change a s  sm a ll  as p o s s i b l e .  F u r th e r ­
m ore, th e  c o n t r o l  h e a t e r  sh o u ld  be immersed o n ly  ha lfw ay  
a t  1 0 0 °  • The b e s t  r e s u l t  was p rov ided  by th e  fo l lo w in g  
l a y o u t .
A b a s k e t  made o f  heavy-gauge s t a i n l e s s  s t e e l  w ire  which 
can accommodate 15 to  25 ampoules was submerged in  th e  f r o n t  
sp a c e  o f  th e  o i l  b a t h .  A s h e e t  o f  ru b b e r  w i th  % - in . - d ia .  
h o le s  was used  to  h o ld  th e  ampoules and to  d i s t i n g u i s h  each 
ru n  o f  e x p e r im e n ts ,  b u t  some i r r e g u l a r  r e s u l t s  w ere found 
among th e  e a r l y  e x p e r im e n ts .  An unequa l te m p e ra tu re
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1* A t o t a l  im m ersion th e rm o m ete r, 2 ,  A m ic r o - s e t  th e rm oregu ­
l a t o r ,  3 .  A c o n t r o l  h e a t e r ,  4 .  A Beckmann therm om eter.
5 , A c o n t in u o u s  h e a t e r ,  6 . A s t i r r e r .  7 . A s t a i n l e s s  s t e e l  
w ir e  b a s k e t .  8 . A s to n e w are  c ro c k .  9 . V e rm ic u l i te .
d i s t r i b u t i o n  due to  i n s u f f i c i e n t  m ixing of h e a t in g  o i l  was 
su sp e c te d *  so t h a t  a f t e r  a few ru n s  each ampoule was t i e d  
by copper  w ir e  to  th e  b a s k e t  to  a l lo w  h e a t in g  o i l  to  mix 
more th o r o u g h ly .  The te m p e ra tu re  range  was l e s s  than  l 0 , 0 5 ° .  
The t o t a l  imm ersion therm om ete rs  were c a r e f u l l y  c a l i b r a t e d  
b e fo reh an d  by u s in g  C. G e r h a r d t ' s  s ta n d a rd  therm om eter (a  
p ro d u c t  o f  M arquarts  Lager chem. U t e n s i l i e n ) .
The u se  o f  a v a r i a b l e  v o l t a g e  t r a n s fo r m e r  w i th  each 
h e a t e r  gave th e  b e s t  te m p e ra tu re  c o n t r o l .
P re p a r a t io n  o f  The Sample S o lu t io n s
The c o n c e n t r a t i o n  o f  a sample s o lu t i o n  was a d ju s t e d  as
z-
fo l lo w s  : a  s o l u t i o n  o f  each  component was p re p a re d  i n ­
d e p e n d e n t ly ,  and tak en  by p ip e t  i n to  a v o lu m e tr ic  f l a s k  to  
g iv e  th e  d e s i r e d  c o n c e n t r a t i o n .  The t o t a l  volume o f  a
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sam ple s o l u t i o n  was a lw ays 30 m l. In  most c a s e s ,  20 ml 
o f  p ro to p o rp h y r in  d im e th y l  e s t e r  s o l u t i o n ,  one to  n in e  ml 
o f  each  component s o l u t i o n ,  and ze ro  to  n in e  ml o f  s o lv e n t  
w ere added to  produce a t o t a l  30 ml o f  th e  p ro p e r  concen ­
t r a t i o n .  In mixing, th e  o r d e r  o f  add ing  r e a g e n t  must be 
c o n s id e r e d .  In o r d e r  to  o b t a in  more a c c u r a t e  d a t a ,  i t  i s  
recommended t h a t  th e  m e ta l  io n s  be added l a s t  in  co p p e r  
m e t a l l a t i o n ,  b ecau se  m e t a l l a t i o n  advances v e ry  r a p i d l y ,  
upon m ix in g . But in  th e  c a s e  o f  th e  f a r  s low er  mag­
nes ium  m e t a l l a t i o n ,  t h i s  o r d e r  i s  n o t  c r i t i c a l l y  im p o r ta n t .  
When r e a l l y  low c o n c e n t r a t io n  o f  s o l u t i o n s  were p re p a re d ,  
th e  fo l lo w in g  method was u se d .  One ml o f  r e a g e n t  i s  taken  
in  1 0 -ml v o lu m e tr ic  f l a s k  and d i l u t e d  r e p e a te d l y  to  g iv e  
th e  r i g h t  c o n c e n t r a t i o n .
A l l  g la s s w a re  m ust be r e a l l y  c l e a n .  U nless such c a re  
i s  ta k e n ,  u n re a s o n a b le  d e v i a t i o n s  o f  e x p e r im e n ta l  d a ta  
a r e  u n a v o id a b le .
A pprox im ate ly  fo u r  ml o f  sample s o l u t i o n  were tak en  
by p i p e t t e  i n to  5-ml am poules ( b o r o s i l i c a t e  g l a s s ,  a p ro -  
d u c t  o f  Kimble, 12012-U ) , which were immersed in  a a c e to n e -  
d ry  i c e  s o l u t i o n  w h i le  s e a l i n g .  As long a s  th e  te m p e ra tu re  
o f  th e  c o o l in g  s o l u t i o n  i s  lower thanaiwui -25°  , t h e r e  i s  
n o t  s u f f i c i e n t  v ap o r  p r e s s u r e  o f  a c e to n e  to  i g n i t e .  The 
f l a s h  p o in t  o f  a c e to n e  i s  n e a r l y  -10°  • S e a l in g  must be
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u n ifo rm , and shou ld  n o t  be done from o n ly  one s i d e .  Non- 
u n ifo rm  s e a l i n g  can c a u se  haza rd o u s  b reakage  o f  ampoules*
w  heating-
Q u a n t i t a t i v e  A n a ly t i c a l  Method o f  M ixtures
Q u a n t i t a t i v e  a n a l y s i s  by s p e c t ro p h o to m e t r ie  methods
i s  based  on L am b ert-B eer*s law:
log  X / I  = A = abc (2 -1 )o
w here I  i s  th e  i n t e n s i t y  o f  th e  i n c i d e n t  l i g h t :  1 i s  th e  o
i n t e n s i t y  o f  th e  em ergen t l i g h t ;  A i s  th e  ab so rb a n ce  ( o r ,  
a s  i t  has been c a l l e d  in  th e  p a s t ,  th e  o p t i c a l  d e n s i t y ) ,  
w hich i s  th e  q u a n t i t y  i n d i c a t e d  o r  r e c o rd e d  by th e  s p e c t r o ­
p h o to m e te r ;  a i s  th e  a b s o r p t i v i t y  ( e x t i n c t i o n  c o e f f i c i e n t ) ,  
w hich  i s  c h a r a c t e r i s t i c  o f  th e  a b s o rb in g  s p e c i e s ;  b i s  th e  
c e l l  l e n g th ;  and c i s  th e  c o n c e n t r a t io n  o f  th e  a b s o rb in g
s p e c i e s .
I f  th e  c e l l  le n g th  rem ains  c o n s t a n t ,  ab so rb a n ce  i s  
d i r e c t l y  p r o p o r t i o n a l  to  th e  c o n c e n t r a t io n  o f  a b s o rb in g  
s p e c ie  g. Suppose a sam ple c o n ta in s  two a b s o rb in g  s p e c ie s  
and th e  t o t a l  a b so rb a n c e  a t  a n a l y t i c a l  wave le n g th s  ^
and > i s  th e  summation o f  a b so rb a n c e s  o f  each
com ponent5 i t  i s  p o s s i b l e  to  s e t  up two s im u lta n eo u s  
e q u a t i o n s :
c ( a , )  ^  , + c 0  (a_ ) ^  . = A a* ■» (o b se rv e d )
1 1 1  I  2 1 H  ( 2 - 2 )
+ C2 (a 2 ) X 2 « A x 2  (o b se rv e d )
(2 -3 )
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S o lv in g  s im u lta n e o u s  e q u a t io n s  f o r  th e  c o n c e n t r a t io n  o f
each  com ponent, c and c
1 *»
Axi ( a 2)>2 â 2 ^ 1
c_ = (2*4)
( a 1 ^ 1  ( ^ 2 ^ 9  —— ( a ( a 2^^1
1
AA2( a i>Ai Ax1( a 1) x 2
c„ = — .■-■■■• _____________ __________  ( 2 —5 )2
( a ) v. (a )x —1 X 1 2 ^ 2  1 a 2 2 a i
T h e re fo re ,  i  f  th e  f o u r  e x t i n c t i o n  c o e f f i c i e n t s ,  (a  ) x ,i  i ,
( a i )  ^ 2  ( a 2  ̂ X 1  and ( a 2  ̂ x2 * a r e  known> th e  measurements
o f  a b so rb a n c e s  a t  th e  two w av e len g th s  a r e  s u f f i c i e n t  to
d e te rm in e  th e  c o n c e n t r a t io n s  o f  each  o f  th e  two com ponents.
In s e l e c t i n g  th e  a n a l y t i c a l  w av e len g th s  a  and A  , i t
1 2
i s  d e s i r a b l e  to  choose a w av e len g th  where one component 
a b s o rb s  s t r o n g ly  and th e  o th e r  w eakly  ( i . e . ,  where 
( a ^ ) ^  /  a  maximum) and to  choose a n o th e r
w here th e  r e v e r s e  s i t u a t i o n  h o ld s  ( i . e . ,  (a^  ) x 2  ■/ ( a 2  ) a 2  
i s  a minimum).
S im u ltaneous  d e te r m in a t io n s  r e s t  on th e  v a l i d i t y  o f  
L am bert-B eer1s law* t h a t  i s ,  th e  su b s ta n c e s  concerned  con­
t r i b u t e  a d d i t i v e l y  to  th e  t o t a l  ab so rb an ce  a t  th e  a n a ly ­
t i c a l  w a v e le n g th s .
P re l im in a ry  Experim ents -  I 
A n a ly t i c a l  method i s  e n t i r e l y  s p e c t r o p h o to m e t r i e .
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The e x t i n c t i o n  c o e f f i c i e n t  o f  each compound a t  each  wave­
le n g th  m ust be o b ta in e d .  In t h i s  s e c t io n  any p o s s ib ly  u s e ­
f u l  e x t i n c t i o n  c o e f f i c i e n t  was e x p e r im e n ta l ly  o b ta in e d  and 
t a b u l a t e d .  The ag reem en t w ith  L am bert-B eer• s law was v e ry  
good in  any measurement when th e  c o n c e n t r a t io n  o f  p r o to p o r ­
p h y r in  d im e th y l  e s t e r  was low er than  60 uM. E x t in c t io n  
c o e f f i c i e n t s  o b ta in e d  were s u b s t i t u t e d  in  e q u a t io n s  (2 -4 )  
and ( 2 - 5 ) ,  and t h e i r  v a l i d i t i e s  w ere t e s te d *
E x t in c t io n  C o e f f i c i e n t s  o f  P ro t o po r  phy r  in  Dimethyl E s te r
A known c o n c e n t r a t io n  o f  p ro to p o rp h y r in  d im e th y l e s t e r  
s o l u t i o n  in  th e  r e q u i r e d  s o lv e n t  was p re p a re d  and d i l u t e d .  
A bsorbances a t  each w av e len g th  ytere p l o t t e d  a g a i n s t  c o n c e n t r a ­
t i o n s  and shown in  F ig u re  2 in  one c a se  ( T r i a i - I  in  Table 5 ) .  
O th e r  f i g u r e s  a r e  shown in  Appendix a s  F ig u re  2 ,  3 and 4 .
A l l  o f  th e  e x p e r im e n ta l  d a ta  were t r e a t e d  by th e  l e a s t  sq u a re  
method to  c a l c u l a t e  e x t i n c t i o n  c o e f f i c i e n t s  (exam ple i s  shown 
in  Appendix) and t a b u la t e d  in  Table  5 . A p p a re n tly  Lam bert- 
B ee r• s law i s  v a l i d  in  t h i s  ra n g e  o f  c o n c e n t r a t io n  o f  p r o to ­
p o rp h y r in  d im e th y l  e s t e r .
E x t in c t io n  C o e f f i c i e n t s  o f  Magnesium P ro to p o rp h y r in  Dimethyl 
Es t e r
The method o f  Baum and Plane (27 )  was used  to  p re p a re  
magnesium p ro to p o rp h y r in  d im e th y l  e s t e r .  l y r i d i n e  was used
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a s  c a t a l y s t  u n d er  th e  fo l lo w in g  r e a c t i o n  c o n d i t i o n :  r e a c t i o n
te m p e r a tu r e ,  1 0 0 ° ;  s o l v e n t ,  a c e to n e .
Exp. No. PH2  Mg(C1 0 ^ ) 2  Py p
R-3106 3 .7 4  x 10“5H 4 .7 0  x 10-3 M 4 .13  x 10-1 M 0 . 0178m
c . f .  In  t h i s  e x p e r im e n ta l  s e c t i o n ,  th e  fo l lo w in g  a b b r e v ia t io n s  
a r e  u s e d .  PH2 : p ro to p o rp h y r in  d im e th y l  e s t e r .  Py 1
p y r i d i n e ,  p :  i o n i c  s t r e n g t h .
The r e a c t i o n  was m o n ito red  by m easuring  ab so rb a n c es  a t  
th e  w a v e le n g th s :  504 mp, 551 mp,and 589 mp. The r e a c t i o n
advanced  sm ooth ly  and was com plete  a f t e r  20 h o u r s .  The 
p ro d u c t  w hich was r e d d i s h  p in k  was i d e n t i f i e d  s p e c t r o p h o to ­
me t r i c a l l y  a c c o rd in g  to  G ran ick  (1 2 4 ) .
E x t in c t i o n  c o e f f i c i e n t s  were m easured in  th e  same manner 
a s  th o s e  o f  p ro to p o rp h y r in  d im e th y l  e s t e r .  The r e s u l t  i s  
shown in  F ig u re  5 in  Appendix and in  Table 6 . E x t in c t io n  
c o e f f i c i e n t s  a r e  a l i t t l e  d i f f e r e n t  from th o se  r e p o r t e d  by 
G ra n ic k ,  w hich  a r e  18.2 pH” * cm” * a t  551 mp, 18.2 pM” * cm” * 
a t  589 mu and 30 8 .0  pH” * cm"* a t  419 mp. He used  e t h e r  as  a 
s o l v e n t ;  th u s ,  s l i g h t  d i f f e r e n c e s  in  v a lu e s  a t  551 mp and 
419 mp c o u ld  be due to  s o lv e n t  e f f e c t .  G ran ick , however, 
made i n c r e d i b l e  a d ju s tm e n t  to  th e  ab so rb an ce  a t  589 mp to
e q u a l i z e  th e  i n t e n s i t y  o f  th e  two peaks o f  magnesium p r o to -
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E x t in c t io n  C o e f f i c i e n t s  (pM~*cm~^) o f
P ro to p o rp h y r in  Dimethyl E s te r
A cetone 10% w ater-90%  acetone*
T r i a l - I  T r i a l - I I
(x lO ^) (x lO ^) (x lO ^)
mu 15.6 15.3 13 .7  PH2b
11.7  1 1 . 8  10 .5  "
6 .4 4  6 .6 1  5 .8 6  "
5 .4 6  5 .42  4 .8 5  •'
8 .7 1  8 .8 4  7 .73  CuP°
3 .98  4 .2 7  3 .75  •'
2 .6 8    MgPd
2 .9 1    "
169 .0  154.0  S o re t
a : mole %
b ; maximum ab so rb a n c e s  o f  fo u r  p o rp h y r in  bands 
c :  p o rp h y r in  ab so rb a n ces  c o r re sp o n d in g  to  a lp h a  and
b e ta  band o f  copper p o rp h y rin  
d :  p o rp h y r in  a b so rb a n c es  c o r re sp o n d in g  to  a lp h a  and



















0 10 20 30 40 50
C o n c e n tra t io n  (pM)
F ig u re  2 .  A bsorbances o f  p ro to p o rp h y r in  d im e th y l  e s t e r  
a t  each w av e len g th  in  a c e to n e .
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E x t in c t io n  C o e f f i c i e n t s  o f  Copper P ro to p o rp h y r in  Dimethyl E s te r  
The co p p e r  in c o rp o r a t io n  i n t o  p ro to p o rp h y r in  d im e th y l 
e s t e r  p ro g re s s e d  f a r  more e a s i l y  than  magnesium in c o rp o r a ­
t io n *  R e a c ta n ts  and c a t a l y s t s  w ere mixed in  a v o lu m e tr ic  
f l a s k  and l e f t  in  a d a rk  p la c e  a t  room te m p e ra tu r e .
Exp. No. PH2  Cu(AcO> 2  iy  S o lv e n t  jj
3.51xlO"^M Acetone 2.63xlO"^M
3.5 1 x lO “4M 10%H2 0- 4 .68x10“4M
Acetone
In  p u re  a c e to n e  s o l v e n t ,  th e  r e a c t i o n  was com ple te  a f t e r  
a p p ro x im a te ly  30 h o u rs ;  however in  107® w a te r - a c e to n e  s o l v e n t ,  
i t  to o k  n e a r l y  fo u r  days f o r  com ple te  r e a c t i o n .  Both r e a c ­
t i o n  p ro d u c ts  were i d e n t i f i e d  s p e c t r o p h o to m e t r i c a l ly  ( 6 ) .  
E x t in c t io n  c o e f f i c i e n t s  were m easured in  th e  same manner, and a r e  
shown in  T able  6  and in  F ig u re s  6  and 7 in  Appendix. Ten p e r c e n t  
w a te r - a c e to n e  was p re p a re d  b e fo reh an d  in  a l a r g e  q u a n t i t y  to  
a l l e v i a t e  p o s s i b l e  e r r o r s  due to  m ix ing , because  m ixing 
e r r o r s  in  w a te r  c o n te n t  may r e s u l t  in  e r ro n e o u s  r a t e  o f  r e a c ­
t i o n .
D e te rm in a t io n  o f  S im ultaneous E q u a t io n s , 2 -4  and 2-5
Once e x t i n c t i o n  c o e f f i c i e n t s  a r e  known, th e  c o n c e n t r a ­
t i o n  o f  each  component in  th e  m ix tu re  of p o rp h y r in  and m e ta l -  
lo p o rp h y r in  can be c a l c u l a t e d  from th e  e q u a t io n ,  2 -4  and 2 - 5 .
P re l im . 4 .2 8 x lO "5M 8 .78x lO -5 M
" 4 .6 2 x 10*5M 1 .56 x IO-AM
Table 6
E x t in c t io n  C o e f f i c i e n t s  (pM"^cm“ ^) o f  Copper and 



































As d i s c u s s e d  e a r l i e r ,  two a n a l y t i c a l  w a v e le n g th s , and
>^2 » have  to  be s e l e c t e d  to  g iv e  a maximum (a^X \ ^ / ( a 2  an<* 
a minimum ( a ^ J ^ / C ^ )>£• In  g e n e r a l ,  th e  most i n t e n s e  bands 
o f  p ro to p o rp h y r in  d im e th y l  e s t e r ,  band IV, and o f  m e ta l lo -  
p o r p h y r in ,  a lp h a  o r  b e ta  band , a r e  th e  b e s t  c h o ic e s  f o r  X ^  
and X 2 , b ecau se  u s u a l l y  t h e r e  i s  a v e ry  sm a ll  ab so rb a n ce  o f  
m e ta l lo p o rp h y r in  and p o rp h y r in  d im e th y l  e s t e r  a t  X ^  and X 2 . 
T h e re fo re ,  504 mp f o r  X ^ and 551 mp f o r  X 2  a r e  th e  b e s t  
c h o ic e  f o r  magnesium m e t a l l a t i o n .  However, f o r  copper  m e ta l ­
l a t i o n  th e  peak a t  lo n g e r  w a v e le n g th ,  a lp h a  peak , shows a 
h ig h  a b so rb a n c e  by co p p e r  amine complexes as  w e l l  a s  copper  
p ro to p o rp h y r in  d im e th y l  e s t e r f  on th e  o th e r  hand t h i s  a b s o rb ­
ance  i s  n e g l i g i b l e  a t  s h o r t e r  w a v e le n g th , b e ta  peak . There­
f o re  th e  w av e len g th  o f  th e  b e t a  peak was chosen a s  X 2 , 530 
mp. This s e l e c t i o n  i s  co n firm ed  a s  th e  b e t t e r  ch o ic e  by th e  
r e s u l t s  o f  an a c c u ra c y  t e s t ,  which i s  d e s c r ib e d  in  th e  
su c cee d in g  s e c t i o n .  E x t in c t io n  c o e f f i c i e n t s  a t  each  wave­
le n g th  a r e  s u b s t i t u t e d  i n  e q u a t io n  2 -4  and 2 - 5 .  The r e s u l t ­
in g  e q u a t io n s  a r e  shown below . The u n i t  o f  c o n c e n t r a t io n  i s  
micromolar,) and e x t i n c t i o n  c o e f f i c i e n t s  o f  p ro to p o rp h y r in  
d im e th y l  e s t e r  in  a c e to n e  were employed from th e  v a lu e  o f  
T r i a 1 -1 I in  Table 5 .
7,
( i )  P ro to p o rp h y r in  d im e th y l  e s t e r  ( c ^ )  and magnesium 
p ro to p o rp h y r in  d im e th y l  e s t e r  ( c ^ )  in  a c e to n e :
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= 67.3 - 10.6 A ^ 2  (2-6)
C2 = 55.1 A x 2  “■ 9.64 Axj_ (2-7)
w here A 5-s an ab so rb an ce  a t  X. ̂ , 504 mp and A x2 at X 2  > 
551 mp.
( I I )  P ro to p o rp h y r in  d im e th y l  e s t e r  (c ^ )  and copper 
p ro to p o rp h y r in  d im e th y l  e s t e r  (C2 ) in  a c e to n e :
c^ = 79 .6  A -  2 5 .0  A>v. 2  ( 2 -8 )
C2  = 91 .6  AX 2  ~ 5 2 .1  Ax]_ (2 -9 )
w here A i s  an ab so rb a n ce  a t  X  ^ , 504 mp and A ^ 2  a t  X 2  j 
530 mp.
( i i i )  P ro to p o rp h y r in  d im e th y l  e s t e r  (c ^ )  and copper 
p ro to p o rp h y r in  d im e th y l  e s t e r  (C2 ) in  1 0 % w a te r - a c e to n e .
c x = 8 9 .4  A x i  -  2 9 .0  A ^ 2  (2 -1 0 )
C2  “  102.8 A x 2  “ 5 8 .1  A (2 -1 1 )
w here  A x ^  i s  an ab so rb an ce  a t  504 mp and A ^ 2  a t  X . 2 ,
530 mp.
V a l i d i t y  T e s ts  f o r  These S im ultaneous E qua tions
As d is c u s s e d  e a r l i e r ,  t h i s  method i s  s t r i c t l y  based  on 
th e  a ssu m p tio n  t h a t  L am bert-B eerJs law i s  v a l i d ,  and t h a t  
th e  t o t a l  ab so rb a n ce  o f  a m ix tu re  a t  th e  a n a l y t i c a l  wave­
le n g th s  i s  th e  a d d i t i o n  o f  com plem entary a b so rb a n ces  by each 
com ponent.
The f i r s t  assum ption  f o r  L am bert-B eerf s law i s  e v id e n t ly
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v a l i d  in  th e s e  ra n g e s  o f  c o n c e n t r a t io n  from th e  l i n e a r i t y  in  
F ig u re  2 and o th e r  f i g u r e s  in  Appendix, F ig u res  2 ,  3 ,  and 4 .
The second assum ption  f o r  th e  a d d i t i v i t y  o f  c o n s t i t u e n t  
a b so rb a n c e s  was te s te d *
(1 )  S tan d a rd  c o n c e n t r a t io n  o f  p ro to p o rp h y r in  d im e th y l  e s t e r  
and magnesium p ro to p o rp h y r in  d im e th y l  e s t e r  were mixed in  
v a r io u s  r a t i o s  and a b so rb a n c e s  a t  504 mp (/V ^) and 551 mp 
( ^ 2 ^  w ere m easured . The r e s u l t  i s  summarized in  T ab le  7 . 
A verage p e rc e n ta g e  e r r o r s  a r e  2.047s f o r  c ^ ,  and 2.627® f o r  
C2 ^and 2.34% f o r  c ^ ,  whose v a lu e s  seem s a t i s f a c t o r y  f o r  
a c c u r a t e  k i n e t i c  e x p e r im e n ts .
(2 )  A m ix tu re  o f  co p p e r  p ro to p o rp h y r in  d im e th y l e s t e r  and 
p ro to p o rp h y r in  d im e th y l  e s t e r  was t r e a t e d  in  th e  same manner, 
e x c e p t  t h a t  th e  two s e t s  o f  w ave leng th  used  w ere :  I ,  504
mp and 530 mp; I I ,  504 mp and 568 mp. The r e s u l t  i s  sum­
m arized  in  Table 8 .
There a r e  a few g e n e ra l  f e a t u r e s  r e c o g n iz e d  from th e  
T able  7 and 8 : ( i )  p e rc e n ta g e  e r r o r s  f o r  c^ a r e  1.88% f o r
magnesium m e t a l l a t i o n  on th e  a v e ra g e ,w h ic h  a r e  s a t i s f a c t o r i l y  
s m a l l ;  ( i i )  m ajor components te n d  to  produce s l i g h t l y  h ig h e r  
o b se rv e d  v a l u e s ;  ( i i i )  n e a r l y  eq u im o la r  m ix tu re s  y i e l d  
b e t t e r  ag reem en t to  c^ and C2 ; ( i v )  a lower c o n c e n t r a t io n  
p roduces  b ig g e r  e r r o r s  than  a h ig h e r  o n e ; (v )  a c o n c e n t r a t io n  
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g
a d o p t in g  C2 * As a c o n c lu s io n ,  as f a r  as  c^  i s  m on ito red  in  
k i n e t i c  e x p e r im e n ts ,  e r r o r s  due to  t h i s  method w i l l  be l e s s  
th a n  a b o u t 2 % on th e  a v e ra g e .
P re l im in a ry  Experim ents -  I I  
C a re fu l  c o n t r o l  o f  i o n i c  s t r e n g t h  and pH in  th e  r e a c t i o n  
system  h as  to  be c o n s id e re d  f o r  v ig o ro u s  a n a l y s i s  o f  th e  
r e a c t i o n  mechanism. Sodium p e r c h l o r a t e  was s e l e c t e d  f o r  
keep ing  i o n i c  s t r e n g t h  c o n s t a n t .  ly r id in iu m  p e r c h l o r a t e  and 
1 , 1 , l - tr i(h y d ro x y m e th y l) -m e th y la m m o n iu m  p e r c h l o r a t e  ( a  s a l t  
o f  t r  i s  ( h y d r  oxyme th y  1 ) -amino me thane  w ith  p e r c h l o r i c  a c id ,  
and w i l l  be a b b r e v ia te d  a s  IRISH* in  t h i s  t h e s i s )  were newly 
s y n th e s iz e d  f o r  k eep ing  pH c o n s ta n t  a s  b u f f e r s .  T h e ir  
s p e c i f i c  i n f lu e n c e s  on magnesium and co p p e r  m e t a l l a t i o n  w ere 
p r e l i m i n a r i l y  in v e s  t i g a t e d .
E f f e c t s  o f  Sodium Ion on Copper and Magnesium M e ta l l a t io n
In o r d e r  to  keep  i o n i c  s t r e n g t h  c o n s ta n t  i n  th e  r e a c t i o n  
system , v a r io u s  s a l t s ,  t h a t  i s  to  sa y ,  p e r c h l o r a t e ,  s u l f a t e ,  
n i t r a t e ,  c h lo r id e * a n d  so o n , w ere tak en  i n t o  c o n s i d e r a t i o n .  
For th e  s u b se q u e n t  r e a s o n s ,  however, we chose  sodium 
p e r c h l o r a t e  f o r  th e  s t a t e d  p u rp o s e s :  ( i )  t h i s  s a l t  i s  th e  
h i g h e s t  d i s s o c i a t e d  and com plexes th e  l e a s t  among a v a i l a b l e  
s p e c i e s ;  ( i i )  c a t a l y s i s  by b a s i c  an io n  i s  more c l e a r l y
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a n a ly ze d  i f  o n ly  one sp e c ie s  i s  in v o lv e d ,  s in c e  copper and 
magnesium p e r c h l o r a t e  can be a so u rc e  o f  b o th  copper and 
magnesium; ( i i i )  a p e r c h l o r a t e  o f  a l k a l i n e  e a r t h  m e ta l  o r  
t r a n s i t i o n  m e ta l  i s  l i k e l y  to  be c o m p e t i t iv e  w i th  magnesium 
o r  copper m e t a l l a t i o n ;  ( i v )  p o ta ss iu m  p e r c h l o r a t e  i s  l e s s  s o l ­
u b le  in  a c e to n e  than  sodium p e r c h l o r a t e ,  and p r a c t i c a l l y  u s e ­
l e s s  f o r  th e  pu rpose  o f  a d j u s t i n g  i o n i c  s t r e n g t h ;  (v )  ammonium 
p e r c h l o r a t e  would p ro b ab ly  a c t  as  c a t a l y s t  because  o f  th e  d i s ­
s o c i a t i o n  o f  ammonium io n  to  b a s ic  m o le c u la r  ammonia.
Whether o r  n o t  sodium m e t a l l a t i o n  competes w ith  copper 
and magnesium m e t a l l a t i o n  was i n v e s t i g a t e d  under  th e  f o l lo w ­
ing  r e a c t i o n  c o n d i t i o n s :
Exp. No. PH2  NaOAc Fy fi
R-2201 4 .0 x l 0 _5M 3 .0 9  x 10~3M 0 .0  3 .0 9 x l0 " 3M
R-2202 4 .0 x l0 ~ 5M 1.55 x 10"2 M 1.31xlO~2M 1 .5 5 x l0 " 2M
R e a c t io n  te m p e ra tu r e :  3 0 ° .  S o lv e n t :  10% ^ O -A c e to n e .
Exp. No. PH2  NaCfOjj. Py p
R-2105 3 .7 4 x10~5M 3 . 8 1 x 10"2M 0 .0  3 .8 1  x 10“2M
R-2106 3 .7 4 x lO "5iM 3 .8 1  x 10"2M 4 .1 3 x 10“2M 3 .8 1  x 10- 2 M
R e a c tio n  te m p e r a tu r e :  100°. S o lv e n t :  A ce tone .
In  R-2201 and R-2202, sam ples d id  n o t  c o n v e r t  to  sodium 
p o rp h y r in  a f t e r  6 8  hr,? and 58 h r?  r e s p e c t i v e l y .  The a b s o rb ­
an c es  were fo llo w ed  s p e c i f i c a l l y  a t  a n a l y t i c a l  w a v e le n g th s ,  
and scans  were made by th e  DK-2 s p e c tro p h o to m e te r .  In th e  
c a s e s  t h a t  sodium p e r c h l o r a t e  (Kahlbaum) and h ig h e r  tem pera­
t u r e  w ere u s e d ,  no d i s c e r n i b l e  change o c c u rre d  a f t e r  15 hr?*
In  th e  ex p e rim en t t h a t  p y r id in e  was added , however, th e
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ab so rb a n c e  a t  504 mp d e c re a se d  s l i g h t l y  from 0.574 to  0.571, 
w hich  can be c o n s id e re d  n e g l i g i b l e  o r  a measurement e r ro r#  
T h e re fo re ,  i t  may be s a f e l y  concluded  t h a t  t h e r e  i s  no 
c o m p e t i t iv e  i n s t a l l a t i o n  between copper and sodium m e ta l  ion% 
and between magnesium and sodium m e ta l  ions under  th e s e  
r e a c t i o n  c o n d i t i o n s .
P re p a r a t io n  o f  P yrid in ium  p e r c h lo r a te  and I t s  Use as  B u ffe r  
In  o r d e r  to  keep pH c o n s t a n t ,  p y r id in iu m  p e r c h l o r a te  
was used# fy r id in iu m  p e r c h l o r a t e  was s y n th e s iz e d  in  th e  f o l ­
low ing manner# Ten ml o f  p e r c h l o r i c  a c id  were measured and 
d i l u t e d  to  100 ml# Approximate c o n c e n t r a t io n  (1 .2 1  M) can be 
c a l c u l a t e d  from i t s  d e n s i ty  (C hem istry  and P hysics  Handbook, 
p .  2 0 5 3 ) .  The a c id  was t i t r a t e d  w i th  m easured amount o f  
p y r i d i n e .  P e r c h lo r ic  a c id  was n e u t r a l i z e d  a t  pH 1 .8 - 2 .0 .
S in c e  th e  w h ite  c r y s t a l s  o f  p y r id in iu m  p e r c h l o r a t e  were n o t  
v e ry  s o lu b l e  a t  room te m p e ra tu r e ,  th e  sample was h e a te d  to  
a p p ro x im a te ly  50° and co o led  to  c r y s t a l l i z e #  A f te r  hav ing  
been f i l t e r e d  and d r ie d  a t  70° in  an oven , c ru d e  p y r id in iu m  
p e r c h l o r a t e  was r e c r y s t a l l i z e d  from h o t  m ethy l a l c o h o l  
( c a .  6 0 ° ) .  W hile c rude  p y r id in iu m  p e r c h l o r a t e  e x i s t s  a s  w h ite  
n e e d l e - l i k e  c ry s ta ls ,  r e c r y s t a l l i z e d  m a t e r i a l  i s  more f e a t h e r ­
l ik e #  S ig h t  to  te n  ml o f  m ethano l were s u f f i c i e n t  to  d i s s o lv e  
one gram o f  d r i e d  c rude  c r y s t a l .  A f t e r  d ry in g  a t  60° under
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red u ce d  p r e s s u r e  (20-25 mmHg), t h i s  p u r i f i e d  p y r id in iu m  
p e r c h l o r a t e  showed th e  fo l lo w in g  c h a r a c t e r  when i t s  m .p . was 
m easured on a F is h e r - J o h n s  m e lt in g  p o in t  b lo c k :  c r y s t a l
s t a r t e d  decomposing a t  2 2 0 °  i  2 °  (co v e r  g l a s s  g o t  h a z y ) ,  
lo s in g  i t s  o r i g i n a l  c r y s t a l  form a t  240° J  2° and m e lt in g  a t  
285° t, 2 ° .  The m e lt in g  p o in t  was n o t  s h a rp ,  b u t  i t  i s  v e ry  
common t h a t  a number o f  compounds which have bonds o f  p a r ­
t i a l  i o n i c  c h a r a c t e r  l i k e  amino a c id s  o r  q u a te rn a ry  ammonium 
s a l t s  m e l t  w i th  d ec o m p o s it io n .  In such c a s e ,  m e lt in g  p o in ts  
depend upon th e  r a t e  o f  h e a t i n g .  In a n o th e r  ex p e rim en t th e  
te m p e ra tu re  was r a i s e d  to  c a .  275° and then  th e  sample was 
p la c e d  on th e  p l a t e .  W ith in  two m in u te s ,  th e  te m p e ra tu re  
was r a i s e d  to  2 84° . The m e l t in g  o f  a p a r t  o f  c r y s t a l  a t  t h i s  
t e m p e ra tu re  was d e f i n i t e l y  r e c o g n iz e d ,  b u t  i t  was n o t  c l e a r  
a s  to  w h e th e r  th e  m e l t in g  s t a r t e d  a t  low er te m p e ra tu re  
b ecau se  o f  h a z in e s s  o f  co v e r  g l a s s .  Thus th e  m e l t in g  p o in t  
i s  p ro b ab ly  285° t  2 ° .
P r e p a r a t io n  o f  TRISH* and I t s  Use as  B u f fe r
TRISH+ was p re p a red  by e s s e n t i a l l y  th e  same method a s  
p y r id in iu m  p e r c h l o r a t e ,  and u sed  as  a b u f f e r  f o r  copper  
me t a l l a t i o n .
Ten ml o f  p e r c h l o r i c  a c id  (72%) were m easured and d i l u t e d  
t o  100 ml (aioui 1 .21 M). This d i l u t e  p e r c h l o r i c  a c id  was 
t i t r a t e d  by th e  a c c u r a te  c o n c e n t r a t io n  o f  aqueous TRIS
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s o l u t i o n  (1 .022  M). N e u t r a l i z a t i o n  p o in t  was pH 4 .0 - 4 .1 .  
A f t e r  d ry in g  in  an oven a t  ab o u t 70° , TRISH* (w h i te  n e e d le ­
l i k e  c r y s t a l s )  was used  w ith o u t  f u r t h e r  p u r i f i c a t i o n .
pH R eadings i n  Nonaqueous S o lu t io n s
The r e a d in g s  o f  pH numbers in  nonaqueous s o lu t io n  by a 
c o n v e n t io n a l  pH m eter  a r e  s u b j e c t  to  no s im ple  i n t e r p r e t a t i o n
a s  d i s c u s s e d  e a r l i e r .  In g e n e ra l  b e t t e r  c o r r e l a t i o n s  o f  pH
v a lu e s  between aqueous s o lu t io n s  and nonaqueous s o lu t io n s  can 
be r e c o g n iz e d  i n  th e  ran g e  o f  lower pH 2 -6 ;  however i t  means 
no more th an  t h a t  a c t i v i t y  c o e f f i c i e n t  o f  hydrogen io n  in  
nonaqueous s o lu t io n s  i s  c lo s e  to  t h a t  In  aqueous s o lu t io n  
i n  t h i s  r a n g e .  Some o f  th e  r e s u l t s  o f  pH r e a d in g s  in  non­
aqueous and aqueous s o lu t io n s  a r e  t a b u la t e d  in  Table 9 .
Measurements were made by Beckman Z erom atic  pH m e te r .
The h ig h e r  range  o f  pH re a d in g  in  a c e to n e  f l u c t u a t e d  so 
much t h a t  i t  was hard  to  r e a d ,  b u t  in  i t s  low er ran g e  i t  was 
r e a d a b l e .  S ince th e  r e p r o d u c i b i l i t y  o f  pH re a d in g s  in  th e  
ra n g e  o f  pH 2-6 was good, i t  co u ld  be used  as  a r e l a t i v e  
in d e x  o f  hydrogen io n  c o n c e n t r a t io n .
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Table 9
pH R eadings by C o n v en tio n a l pH Meter in  Aqueous 
And Nonaqueous S o lu t io n  
pH Readings
AcetoneW ater Methanol 10% Benzene 
M ethanol
Pure S o Iv e n t 7 .0 7 .9 8 . 0
+ 1  mla Fy 9 .7 8 .4 8 . 6
4* 1 ml AcOH 2 .4 2 .5 .
CM
+ 1 ml lMAHb 13.6 >14° >14
a : one ml was added to  each  1 0 ml s o l v e n t .
8 . 0 - 8.2  
8 .5 - 8 .8  
3 .0  
>14
b ;  t e t r a m e th y l  ammonium h y d ro x id e  (24% s o lu t io n  in  
m e th a n o l ) . 
c :  o f f - s c a l e .
Magnesium M e ta H a t io n : K in e t ic  Measurements 
And C a lc u la t io n  o f  R ate  C o n s tan ts  
E x p e r im e n ta l  method, a n a l y t i c a l  method, and c o n t r o l l i n g  
method f o r  i o n i c  s t r e n g t h  and pH have been d is c u s s e d  in  th e  
p re c e d in g  s e c t i o n .  In t h i s  s e c t io n  d e t a i l s  o f  k i n e t i c  
measurem ents a r e  d i s c u s s e d .  In th e  i n i t i a l  p a r t  o f  e x p e r i ­
m en ts , c a t a l y t i c  e f f e c t  o f  p y r id in e ,  a p p l i c a b i l i t y  o f  
k i n e t i c  e q u a t io n , 2 - 1 2 , as  w e l l  as  a n a l y t i c a l  e q u a t io n s ,  2 - 6  
and 2 - 7 ,  were t e s t e d  in  n o n - b u f f e r  sy s tem . A f te r  th e s e  
e x p e r im e n ts ,  k i n e t i c  ex p e r im en ts  in  b u f f e r  system  were p u r ­
sued under  each r e a c t i o n  c o n d i t io n .  The fo l lo w in g  compounds
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w ere used  f o r  each  p u rp o se :  magnesium p e r c h l o r a t e  as  so u rce
o f  magnesium io n ,  p y r id in e  a s  c a t a l y s t ,  p y r id in iu m  p e r c h l o r ­
a t e  as  b u f f e r  and sodium p e r c h l o r a t e  f o r  a d j u s t i n g  i o n i c  
s t r e n g t h .
Magnesium M e ta l l a t i o n  in  N on-B uffer  System
■ ■ a a U M M M I Q M a n M f B a i  a M M M M M V W U a a H M M M H M M  w m  C M M M W  • o M M a M M m o  a i y M t a M M W M I
A s e r i e s  o f  ex p e r im en ts  were made to  make s u re  o f  c a t a ­
l y t i c  a c t i v i t y  o f  p y r id in e  and r e a c t i o n  o rd e r  o f  p o rp h y r in  
in  e q u a t io n  2 -1 2 ,  C o n c e n tra t io n s  o f  p o rp h y rin  and magnesium 
io n  were k e p t  c o n s ta n t  to  compare e x p e r im e n ta l  r e s u l t s  more
e f f e c t i v e l y :  i n i t i a l  c o n c e n t r a t io n  o f  p o rp h y r in ,  3 ,74x10
-3and t h a t  o f  magnesium p e r c h l o r a t e ,  4 .70x10 M.
Sampling M ethod: On s e a l in g  each am poule, i t  was p la ced
i n  th e rm o s ta te d  o i l  b a th  m a in ta in e d  a t  100°. An i n t e r v a l  o f  
sam pling  i s  one to  two h o u r s .  As soon as  an ampoule i s  taken  
o u t  o f  o i l  b a th ,  i t  i s  p la c e d  in  i c e - w a te r  to  quench th e  
r e a c t i o n .  I t  was con firm ed  t h a t  r e a c t i o n  d id  n o t  p roceed  
d u r in g  q u e n c h in g , which u s u a l ly  r e q u i r e s  a few m in u te s .  Ab­
so rb a n c e s  o f  a sample w ere m easured in  a s i l i c a - c e l l  w i th in  
th e  fo l lo w in g  f i v e  o r  s i x  m inu tes  by a Beckman-DU s p e c t r o ­
p h o to m e te r .
C a lc u la t io n  o f  R ate  C o n s ta n t : The fo l lo w in g  o v e r a l l
r e a c t i o n  was assum ed, and o r d in a r y  second orde-j: r a t e  e q u a t io n  
was in t r o d u c e d ,
PHg + Me2%— > MgP + 2H+ (2 -1 2 )
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k t  =5 2 *303 log  —a <b ~ s ) .  (2 -1 3 )
( b - a )  b ( a - x )
w here k i s  second o r d e r  r a t e  c o n s ta n t  w i th  d im ension  o f  
M~^hr~^, a and b r e p r e s e n t  i n i t i a l  c o n c e n t r a t io n s  o f  porphy-
o i
r i n  (PH2 ) and magnesium ion  (Mg ) ,  r e s p e c t i v e l y ,  x i s  an 
e x t e n t  o f  r e a c t i o n .  In  most c a s e s ,  ex p e rim en t was ru n  by 
u s in g  e x c e s s iv e  amount o f  magnesium io n ,  t h a t  i s  to  sa y ,  
u n d e r  th e  c o n d i t io n  o f  p s e u d o - f i r s t  o r d e r .  Data o f  magnesium 
m e t a l l a t i o n ,  R-3106, a r e  shown n e x t .
Table 10 
C a lc u la t io n  o f  R ate C o n s tan t
Hrs Axi 67 . 3a .x^ Aa-2 10•6a^2 c 55 . 1Aa»2 9 »64Ax^ C2
1
°2
0•CM 0*362 2 4 .4 0.376 3 .99 2 0 .4  2 0 .7 3 .49  17.2 17.0
4 .5 0.252 16.9 0.514 5 .4 4 9 .5  2 8 .3 2 .4 3  2 5 .9 2 7 .9
6 .1 7  0.196 13.2 0.602 6 .3 8 6 .8  33.2 1.89 31 .3 30 .6
8 . 0 0.153 10.3 0.634 6.72 3 .6  34 .9 1.48 3 2 .4 33 .8
a = 3 .74  x 10“5M, b  = 4 .7 0 x 10”^M, c^ -  a -  c x
and C2  w ere c a l c u l a t e d  by e q u a t io n  2 -6  and 2 -7 .  c^ i s  th e  
v a lu e  from th e  above e q u a t io n .




( y  = 0 .0178
ly  = 4 .1 3 x  
10“1M)10
^ R-3109
( p = 0 .0178 
iy  = 5.04x10 M)
<o
—- R-3128
( P =  0 .0178 
Fy = 4 .13x10 M)
102 3 4 5 76 91 8
t  ( h r )
F i g u r e  3 . R a t e  o f  m agnes ium  i n s t a l l a t i o n  i n  n o n - b u f f e r  s y s t e m .
F i g u r e  3 , good l i n e a r  a g r e e m e n t s  w e re  o b t a i n e d .  I t  means 
t h a t  f i r s t  o r d e r  a s s u m p t i o n  made f o r  t h e  r e a c t i o n  o r d e r  o f  
p o r p h y r i n  i s  r i g h t .  L ik e w i s e  e x p e r i m e n t s  w e re  t r i e d  i n  c o n ­
s t a n t  i o n i c  s t r e n g t h  b u t  i n  d i f f e r e n t  p y r i d i n e  c o n c e n t r a t i o n ,  
a l l  o f  w h ic h  d a t a  c o u l d  be p l o t t e d  on a l i n e  i n  good  a g r e e ­
m e n t  i n  F i g u r e  3 . The r e s u l t s  a r e  t a b u l a t e d  i n  T a b l e  11.
The g r a d i e n t  o f  t h e  l i n e  g i v e s  o b s e r v e d  r a t e  c o n s t a n t  k0 ^ g ^,
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which i s  e q u a l  to  k ( b - a ) / 2 .3 0 3 ,  and was c a l c u l a t e d  by th e  l e a s t  
sq u a re  method in  th e  same way a s  shown in  th e  c a l c u l a t i o n  o f  
e x t i n c t i o n  c o e f f i c i e n t s .  Every v a lu e  o f  r a t e  c o n s ta n t  
t a b u la t e d  in  th e  n e x t  s e c t i o n ,  E x per im en ta l R e s u l t s , i s  k . 
A nother s i g n i f i c a n t  ag reem en t was obse rv ed  in  F ig u re  4 ,  which 
im p l ie d  t h a t  th e  a n a l y t i c a l  m ethod, e s p e c i a l l y  th e  c h o ic e  o f  
a n a l y t i c a l  w a v e le n g th s  f o r  magnesium m e t a l l a t i o n ,  A ^ ( 5 0 4  mu) 
and (551 mu), was good . Because, a s  c o n v e rs io n  o f  p o r ­
p h y r in  i n c r e a s e s ,  th e  a b s o rb a n c e s  o f  peak (504 mu) and 
A 2 ( 5 5 l  mu) change p r o p o r t i o n a l l y  as  shown in  F ig u re  4 .  In  
f a c t  F ig u re  4 was made from s e v e r a l  ru n s  o f  ex p e rim en ts  w ith  
c o n s ta n t  p o rp h y r in  b u t  d i f f e r e n t  p y r id in e  c o n c e n t r a t i o n .
Magnesium Meta H a t i o n  i n  B u f f e r  Sys tem
F in a l l y ,  magnesium m e t a l l a t i o n  was i n v e s t i g a t e d  in  a  
b u f f e r  sy s tem . R e a c t io n  te m p e ra tu re  i s  100° and th e  s o lv e n t  
u sed  i s  a c e to n e .
E f f e c t  o f  R a t io  o f  P y rid in iu m  Io n - P y r id in e  C o n c e n tr a t io n ,  
PyH*/Py, on R ate  C o n s ta n t s : In  o r d e r  to  d i s t i n g u i s h  g e n e r a l
from s p e c i f i c  b ase  c a t a l y s i s  by p y r id in e ,  th e  c o n c e n t r a t io n  
r a t i o  o f  p y r id in iu m  i o n - p y r i d i n e  must be k e p t  c o n s t a n t ,  
because  t h i s  c o n s t a n t  r a t i o  w i l l  a l s o  m a in ta in  th e  c o n s ta n t  
c o n c e n t r a t io n  o f  l y a t e  io n  and c o n s ta n t  pH. While th e  con­
c e n t r a t i o n  o f  p y r id in iu m  p e r c h l o r a t e  was h e ld  c o n s t a n t ,  th e  
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P e rc e n t  C onversion  o f  P ro to p o rp h y r in  Dimethyl E s te r
F ig u re  4 .  C o n s is ta n c y  p l o t  o f  w ave leng ths  a t  504 mu and 
551 mp.
T 1122 73
o f  th e s e  s p e c ie s  to  be o n e , th re e ^ a n d  f i v e ,  nam ely , PyH* / Py -  
1, 3 and 5 .  The r e s u l t s  a r e  shown in  F ig u re  5 and Table 12, 
and k i s  c a l c u l a t e d  in  th e  same way as  in  th e  p rev io u s  
exam ples . The l i n e a r  ag reem en t was g o o d ,b u t  l i n e s  do n o t  
pass  th ro u g h  th e  o r i g i n .  From t h i s  e x p e r im e n t ,  th e  r a t i o  o f  
p y r id in iu m  io n - p y r i d i n e  was d e te rm ined  1 /5  a s  b e s t  f o r  th e  
su c cee d in g  e x p e r im e n ts .
Magnesium M e ta l l a t i o n  C a ta lyzed  by P y r i d i n e ; C a t a l y t i c  
magnesium m e t a l l a t i o n  was i n v e s t i g a t e d  in  a c e to n e  a t  1 0 0 ° t  
0 . 0 5 °  and th e  r a t e  was m easured a t  i n t e r v a l s  o f  f i f t e e n  to  
t h i r t y  m in u te s .  The r e a c t i o n  was pursued  u nder  th e  c o n d i t io n
o
o f  e x c e s s iv e  amount o f  magnesium io n  (4 .7 0  x 10 M) over
-5p ro to p o rp h y r in  d im e th y l  e s t e r  ( 3 . 7 4  x 10 M); th u s  pseudo- 
f i r s t  o r d e r  w i th  r e g a r d  to  p o rp h y r in  c o n c e n t r a t io n  can be 
assum ed. The t o t a l  c o n c e n t r a t io n  o f  p y r id in e  changed from 
5 . 8 0  x ! 0 “^M t o  5 . 8 0  x 10“^M w ith  th e  c o n s ta n t  r a t i o  o f  
FyE+/Fy a s  1 / 5 .  Io n ic  s t r e n g t h  was c o n t r o l l e d  by add ing  
sodium p e r c h l o r a t e  to  a  t o t a l  p = 0 . 1 0 0  M, 0 . 0 5 0 0  M and 
0 . 0 2 5 0  Me The m easure­
ment o f  pH was n o t  ea sy  b ecau se  o f  th e  slow d r i f t i n g  o f  a 
n e e d le  o f  a pH m e te r :  th u s  i n i t i a l  v a lu e s  were r e a d .  The
i n i t i a l  v a lu e s  o f  pH r e a d in g s  were in  th e  ran g e  o f  5 . 9  
( R - 3 1 3 4 )  to  6 . 4  ( R - 3 1 5 8 ) . ■
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F ig u re  5 .  E f f e c t  o f  r a t i o  o f  p y r id in iu m  io n - p y r id in e  
c o n c e n t r a t i o n ,  pyHv F y , on r a t e .
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s h o w  in  F ig u re s  8 , 9 , and 10 in  Appendix* Good l i n e a r  
ag reem en t was found in  each  run  o f  ex p e rim en ts  w i th in  e x p e r i ­
m e n ta l  p e r io d s*  The most s i g n i f i c a n t  f in d in g s  in  Tables 13, 
14, and 15 a r e  t h a t  th e  r a t e  in c r e a s e s  as th e  c o n c e n t r a t io n  
o f  p y r id in e  in c r e a s e s  when th e  r a t i o  o f  p y r id in iu m  io n -  
p y r id in e  was k e p t  c o n s ta n t*  This im p l ie s  t h a t  magnesium 
m e t a l l a t i o n  e x h i b i t s  g e n e ra l  b ase  c a t a l y s i s *  D isc u ss io n s  
and i n t e r p r e t a t i o n s  of th e s e  and o th e r  e x p e r im e n ta l  r e s u l t s  
w i l l  be d e t a i l e d  l a t e r  in  th e  c o n c lu s io n .
R e a c t i o n  O rd e r  W ith  R e s p e c t  t o  C o n c e n t r a t i o n  o f  Magne­
s iu m  I o n : In  o r d e r  t o  d e t e r m i n e  t h e  r e a c t i o n  o r d e r  o f
m agnesium  c o n c e n t r a t i o n ,  th e  c o n c e n t r a t i o n  o f  m agnesium
o
p e r c h l o r a t e  was changed from 4 .7 0  x 1Q“°M to  2 .3 5  x 10 M 
w h i le  o th e r  c o n d i t io n s  were k e p t  c o n s t a n t .  P r a c t i c a l l y  th e  
same v a lu e  o f  k was o b ta in e d ,  and t a b u la t e d  in  Table 16 and 
shown in  F ig u re  11 in  Appendix.
M agnesium  M e t a l l a t i o n  C a ta ly z e d  by V a r io u s  A m in e s :
S in ce  magnesium m e t a l l a t i o n  was found to  show g e n e ra l  base  
c a t a l y s i s ,  B ronsted*s  g e n e r a l  base c a t a l y s i s  law was t e s t e d  
by v a r io u s  am ines.
F i r s t  s e r i e s  o f  ex p e rim en ts  were t r i e d  by u s in g  th e  
fo l lo w in g  amine u n d er  th e  fo l lo w in g  r e a c t i o n  c o n d i t i o n :  th e
c o n c e n t r a t io n  o f  amine i s  4 .1 3  x 10 WM and io n i c  s t r e n g t h  i s  
0 .0500  M. Amines: p y r id in e ,  a n i l i n e ,  p i p e r i d i n e ,  2 ,6 -
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l u t i d i n e ,  4 - p I c o l i n e ,  benzy lam ine , c y e lo h ex y lam in e , p« 
t o l u i d i n e ,  q u in o l i n e ,  m o rp h o lin e , p  -n a p h th y la m in e ,  and 
t r is (h y d ro x y m a th y l)» a m in o m s th a n e .  Sodium a c e t a t e  was a l s o  
t e s t e d .  Under t h i s  c o n d i t i o n ,  o n ly  p y r id in e ,  p - t o l u i d i n e ,  
a n i l i n e  and q u in o l in e  succeeded  in  c a t a l y z in g  magnesium 
m e t a l l a t i o n .  P ip e r id in e ,  2 , 6 - l u t i d i n e ,  4 - p i e o l i n e ,  beo^y- 
la m in e ,  c y c lo h ex y lam in e , and m orpho line  f a i l e d  to  c a t a l y z e ,  
p ro b a b ly  b ecau se  o f  th e  fo rm a tio n  o f  t u r b i d  c o l l o i d a l  so lu «  
t i o n .  T ris(hydraxym @ thyl)«am inom ethane and sodium a c e t a t e  
w ere n o t  d i s s o lv e d  in  a c e to n e  even in  low c o n c e n t r a t i o n ,  
ft “n ap h th y lam in e  c o lo re d  th e  sample i n c r e a s i n g l y .
T h e re fo re ,  in  th e  second s e r i e s  o f  ex p erim en ts , a l l  
c o n c e n t r a t io n s  o f  amines were red u ced  to  one t e n t h  o f  f i r s t  
s e r i e s  o f  r u n ,  4 .1 3  x 10~^M and io n i c  s t r e n g t h  was a l s o  
d e c re a s e d  to  0 .0141  M. This tim e 4 -p ic o l in ©  (pK = 7 .9 6 )  
a l s o  su cceed ed  in  c a t a l y z in g  magnesium m e ta l l a t i o n  w i th  no 
a p p a r e n t  fo rm a tio n  o f  c o l l o i d a l  s o l u t i o n ,  b u t  th e  o th e r  
am ines s t i l l  gave r i s e  to  a lm o s t  th e  same r e s u l t s  as  in  th e  
above s e r i e s  o f  r u n s .  The r a t e  o f  r e a c t i o n  was so slow t h a t  
sam ples  w ere m easured a t  an i n t e r v a l  o f  ev e ry  one to  two 
h o u r s .  L in e a r  ag reem ent was good. The r e s u l t s  a r e  shown in  
T ab le  17 and in  F ig u re s  12 and 13"o f  Appendix.
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Copper M e t a l l a t i o n : K in e t ic  Measurements
And C a lc u la t io n  o f  R ate  C o n s tan ts  
Both e x p e r im e n ta l  te c h n iq u e s  and a n a l y t i c a l  methods 
w e re  e s s e n t i a l l y  th e  same as  th o s e  f o r  magnesium m e ta l l a t i o n  
d e s c r ib e d  e a r l i e r *
The f o l lo w in g  c h e m ic a l  com pounds w e re  u s e d  f o r  e a c h  
s t a t e d  p u r p o s e :  c o p p e r  p e r c h l o r a t e  a s  s o u r c e  o f  c o p p e r  i o n ,
TRIS a s  c a t a l y s t ,  TRISH+ a s  b u f f e r  and  so d iu m  p e r c h l o r a t e  
(G* F* S m ith  C h em ica l Co*) f o r  a d j u s t i n g  i o n i c  s t r e n g t h .
E q u a t io n s  2 -1 0  an d  2 -1 1  w e re  u s e d  t o  c a l c u l a t e  t h e  c o n ­
c e n t r a t i o n  o f  p o r p h y r in  ( c ^ )  a n d  c o p p e r  p o r p h y r in  (C 2 ) .
R a te  c o n s t a n t ,  k ,  w as c a l c u l a t e d  by t h e  sam e m ethod  d e s ­
c r i b e d  f o r  m agnesium  m e t a l l a t i o n .
C opper M e t a l l a t i o n  i n  B u f f e r  Syste rn
C o p p er M e t a l l a t i o n  C a ta ly z e d  T R IS : A s e r i e s  o f
k i n e t i c  e x p e r im e n ts  w e re  u n d e r t a k e n  i n  w a te r  (1 0  m ole% )- 
a c e to n e  s o l u t i o n  a t  3 0 ° .
The c o n c e n t r a t i o n  o f  c o p p e r  p e r c h l o r a t e  w as 5 .1 3  x  10~^M 
w h ic h  w as a b o u t  t e n  t im e s  g re a te r  than  t h a t  o f  p r o to p o r p h y r in  
d im e th y l  e s t e r  ( 3 .9 1  x  1Q~^M). The r a t i o  o f  TR1SH+-TRIS 
w as a d j u s t e d  one  to  o n e ,  a n d  t h e  c o n c e n t r a t i o n  o f  t h e s e  two 
s p e c i e s  was c h an g e d  fro m  1 .0 4  x  10"  ̂ M- t o  1 .0 2  x  10“ ^M.
Sodium  p e r c h l o r a t e  w as u s e d  t o  r e g u l a t e  t h e  t o t a l  i o n i c
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s t r e n g t h  t o  b e  0 .1 0 0  M a n d  0 .3 3  M.
The r e s u l t s  a r e  shown i n  T a b le  1 8 , a n d  i n  F ig u r e s  14
a n d  15 i n  A p p e n d ix . L in e a r  a g re e m e n t  w as g o o d ; h o w ev er
t h e r e  seem s t o  be  no  r e c o g n i z a b l e  t r e n d  b e tw ee n  t h e  am ount
o f  c a t a l y s t ,  IR IS , a n d  t h e  r a t e  o f  c o p p e r  m e t a l l a t i o n .  When
••3t h e  c o n c e n t r a t i o n  o f  TRIS w as 2 .0 4  x  10 M, w h ic h  i s  a b o u t  
50  t im e s  l a r g e r  th a n  t h e  c o n c e n t r a t i o n  o f  p o r p h y r in ,  t h e  
r a t e  o f  c o p p e r  m e t a l l a t i o n  w as f a s t e s t .
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SXFKRIM3NTAL RESULTS
In t h i s  s e c t i o n ,  e x p e r im e n ta l  r e s u l t s  f o r  magnesium and 
copper  m e t a l l a t i o n  a r e  summarized*
Magnesium M e ta l l a t io n
FSagnesium m e t a l l a t i o n  was i n v e s t i g a t e d  in  a n o n -b u f f e r  
sys tem  (T ab le  1 1 ) .
The r a t i o  o f  th e  c o n c e n t r a t io n  o f  p y r id in iu m  p e r c h lo r a te  
to  p y r id in e  was changed, and i t s  e f f e c t  on th e  r a t e  was 
m easured (T ab le  1 2 ) .
R a te  c o n s ta n t s  were m easured  under th e  c o n d i t io n s  o f  th e  
fo l lo w in g  c o n s ta n t  i o n i c  s t r e n g t h s :  0 .025  M (T ab le  13);
0 .050  K (T ab le  1 4 ) ;  0 .100  M (T ab le  1 5 ) .
The a p p l i c a b i l i t y  o f  B ro n s ted  g e n e ra l  c a t a l y s i s  law was 
t e s t e d  (T a b le  17 and F ig u re  6 ) .
The r e a c t i o n  o rd e r  w ith  r e s p e c t  to  magnesium was d e t e r ­
mined (T ab le  1 6 ) .
79
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Hie r e l a t i o n s  o f  th e  r a t e  c o n s ta n t s  w ith  th e  c o n c e n t r a -  
t i o n  o f  c a t a l y s t ,  p y r id in e ,  a s  w e l l  a s  th e  i o n i c  s t r e n g t h  
w ere f i g u r e d  (F ig u re s  7 and 8 ) .
Copper M e ta l l a t io n  
R a te  c o n s ta n t s  were m easured under  th e  c o n d i t io n  o f  th e  
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F ig u re  7. Rate c o n s ta n t s  in  magnesium m e t a l l a t i o n  a s  a 





















































As s t a t e d  e a r l i e r ,  t h e  p r im a r y  p u r p o s e  o f  t h i s  t h e s i s  
r e s e a r c h  i s  t h e  d e t e r m i n a t i o n  o f  t h e  r e a c t i o n  m ech an ism  o f  
p o r p h y r i n  m e t a l l a t i o n .  From t h e  p r e c e d i n g  e x p e r i m e n t a l  
r e s u l t s ,  t h e  r e a c t i o n  m ech an ism  o f  p o r p h y r i n  m e t a l l a t i o n  c an  
b e  c l a r i f i e d .
I n  t h e  f i r s t  p l a c e ,  t h e  a u t h o r  d i s c u s s e s  e x p e r i m e n t a l  
r e s u l t s  o f  m agnesium  m e t a l l a t i o n  i n  d e t a i l .
The r e a c t i o n  r a t e  was m e a su re d  f o r  t h e  o v e r a l l  r e a c t i o n  
w h ic h  was e x p r e s s e d  by t h e  e q u a t i o n  2 - 1 2 ,  f rom  w h ic h  t h e  
r a t e  e q u a t i o n  2-13 was i n t r o d u c e d .  j T h e re  a r e  s e v e r a l  m e th o d s  
t o  p r o v e  o r  d i s p r o v e  t h e  v a l i d i t y  o f  t h i s  i n t r o d u c e d  e q u a ­
t i o n  e x p e r i m e n t a l l y .  The m eth o d  u s e d  by t h e  a u t h o r  i s  t h a t  
e x p e r i m e n t s  w e re  u n d e r t a k e n  by u s i n g  e x c e s s i v e  am ou n ts  o f  
m agnesium  i o n  o v e r  p o r p h y r i n ,  t h a t  i s  t o  s a y ,  t in d e r  t h e  c o n ­
d i t i o n  o f  p s e u d o - f i r s t  o r d e r  w i t h  r e s p e c t  t o  t h e  c o n c e n t r a -
%
t i o n  o f  p o r p h y r i n .  When t h e  l o g a r i t h m  o f  a / ( a - x )  was
90
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p l o t t e d  a g a i n s t  t h e  r e a c t i o n  t i m e ,  good a g r e e m e n ts  can  be 
r e c o g n i z e d  a s  s t r a i g h t  l i n e s .  T h is  i n d i c a t i o n  v i r t u a l l y  
p r o v e s  t h e  f i r s t  o r d e r  d e p e n d e n c e  o f  t h e  p o r p h y r i n  c o n c e n ­
t r a  t i o n « T h e r e f o r e  i t  c a n  be  s a f e l y  c o n c lu d e d  t h a t  t h e  
r e a c t i o n  o r d e r  f o r  t h e  c o n c e n t r a t i o n  o f  p o r p h y r i n  i s  f i r s t .  
T h is  c o n c l u s i o n  i s  v a l i d  f o r  b o th  m agnesium  and  c o p p e r  
i n s t a l l a t i o n ^ j u d g i n g  f ro m  good  a g re e m e n ts  o f  t h e  e q u a t i o n  
2-13 on e x p e r i m e n t a l  d a t a ,  a l t h o u g h  c o p p e r  m e t a l l a t i o n  w i l l  
b e  d e t a i l e d  l a t e r .  R e g a r d in g  t h e  r e a c t i o n  o r d e r  o f  t h e  
c o n c e n t r a t i o n  o f  m agnesium  i o n ,  i t  i s  a l s o  c o n c lu d e d  t o  be
f i r s t .  When t h e  c o n c e n t r a t i o n  o f  m agnesium  i o n  was c h a n g e d
-3 -5f ro m  4 .7 0  x 10 H to  2 .3 5  x 10 M a g a i n s t  th e  c o n s ta n t  con­
c e n t r a t i o n  o f  p o rp h y rin  ( 3 .7 4  x 10“^M), o b se rv ed  rat@£
a r e  shown i n  F i g u r e  11 i n  A p p e n d ix .  H ow ever, t h e  
v a l u e s  o b t a i n e d  f ro m  d i v i d i n g  o b s e r v e d  r a t e  c o n s t a n t s  by 
b -a  a r e  e s s e n t i a l l y  t h e  sam e, w h ic h  a r e  shown i n  T a b le  16. 
T h is  c l e a r l y  i m p l i e s  t h e  f i r s t  o r d e r  d e p e n d e n c e  o f  t h e  te rm  
o f  m agnesium  i o n .  T h e r e f o r e ,  from  t h e s e  two e x p e r i m e n t a l  
f i n d i n g s  t h e  k i n e t i c  e q u a t i o n  2-13 was v i r t u a l l y  p ro v e d  to  
be  v a l i d .  In  f a c t ,  t h i s  k i n e t i c  e x p r e s s i o n  a g r e e s  on Baum1s 
r e s u l t  (27) an d  D em psey 's  s t a t e m e n t  ( 1 3 ) ,  b u t  d i s a g r e e s  on 
F l e i s c h e r ' s  e q u a t i o n  w h ic h  shows t h e  s e c o n d  o r d e r  d e p e n d e n c e  
o f  t h e  m e t a l  i o n  c o n c e n t r a t i o n .
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The d e t e r m i n a t i o n  o f  t h e  r a t e  d e p e n d e n c e  o f  t h e  c a t a l y s t ,  
p y r i d i n e ,  w as made by  k e e p i n g  t h e  r a t i o  o f  fyH+/P y  i n  s o l u ­
t i o n  c o n s t a n t ,  b e c a u s e ,  e s s e n t i a l l y ,  t h i s  a l s o  w o u ld  m a in ­
t a i n  t h e  c o n c e n t r a t i o n  o f  l y a t e  io n  c o n s t a n t ,  w hose  c o n c e n ­
t r a t i o n  i s  v e r y  c r i t i c a l  i n  hom ogeneous b a s e  c a t a l y s i s  i n  
s o l u t i o n .  I n  s o l u t i o n  t h e  f o l l o w i n g  e q u i l i b r i u m  c a n  b e  c o n ­
c e i v e d  among l y a t e  i o n ,  ly o n iu m  i o n ,  c a t a l y s t ,  and  I t s  
c o n j u g a t e  a c i d .
2SH 5 = ■» shJ + s~ *1
+ SH 5 = t  P y  + SH£ Ka
Py + SH «=+ pyh,+ + s'
w h e re  SH d e n o t e s  s o l v e n t  m o l e c u l e ,  SHj a n d  S“ r e p r e s e n t  
c o n j u g a t e  a c i d  an d  c o n j u g a t e  b a s e  o f  s o l v e n t  m o l e c u l e ,  
r e s p e c t i v e l y .  ISach e q u i l i b r i u m  c o n s t a n t  c a n  be  e x p r e s s e d  
a s  f o l l o w s :
Kx = ( sh£ ) ( s ~ ) / ( s h ) 2 , K2 = ( i y ) ( S I ^ ' ) / ( j y H + )(S H )
Kg = (iyH+)(s")/(iy)(sH)
I t  i s  v e r y  c l e a r  f ro m  t h e s e  t h r e e  e q u i l i b r i u m  e q u a t i o n s  t h a t ,  
i f  iyH+/ P y  w e re  h e l d  c o n s t a n t ,  no  m a t t e r  w h a t  r a t i o  i t  may 
h a v e ,  t h e  c o n c e n t r a t i o n  o f  ly o n iu m  and  l y a t e  i o n s  w o u ld  be  
h e l d  c o n s t a n t .  T h is  c o n s t a n c y ,  a s  m e n t io n e d  e a r l i e r ,  i s  
m o s t  c r i t i c a l  i n  t h e  d e t e r m i n a t i o n  o f  t h e  d e p e n d e n c e  o f  t h e  
b a s e  c a t a l y s t  on t h e  r a t e  o f  m e t a l l a t i o n .  '
T 1122 93
A ccord ing  to  B rd n s te d ,  a c i d -  o r  b a s e - c a ta ly z e d  r e a c ­
t i o n s  can be d iv id e d  i n to  two c a t e g o r i e s  a s  to  w he the r  th e  
c a t a l y s i s  i s  k i n e t i c a i l y  a t t r i b u t a b l e  to  a l l  th e  a c id s  o r  
b ases  p r e s e n t  i n  th e  s o l u t i o n  o r  m ere ly  to  th e  c o n ju g a te  
a c id  o r  b a s e  o f  th e  s o l v e n t .  That i s  to  s a y ,  a r e a c t i o n  
whose r a t e  i s  m ere ly  p r o p o r t i o n a l  to  th e  l y a t e  io n  concen­
t r a t i o n  (and  th e  c o n c e n t r a t io n  o f  r e a c t a n t  o f  c o u rs e )  i s  
s a id  to  e x h i b i t  s p e c i f i c  b ase  o r  l y a t e  io n  c a t a l y s i s ,  w hereas 
i n  g e n e r a l  b ase  c a t a l y s i s  t h e r e  w i l l  be a term  p r o p o r t i o n a l  
to  th e  c o n c e n t r a t i o n  o f  each  o f  th e  b a se s  in  s o l u t i o n .
T h e re f o re ,  f i r s t ,  th e  e f f e c t  o f  th e  r a t i o  of  on
th e  r a t e  o f  m e t a l l a t i o n  was t e s t e d .  Even i f  n o t  much can be 
i n t e r p r e t e d  from t h i s  r e s u l t  o n ly  (F ig u re  5 and Table 1 2 ) ,  
t h e r e  i s  a c l e a r  i n d i c a t i o n  t h a t  th e  h ig h e r  r a t i o  o f  p y r id in e  
c o n c e n t r a t io n  to  p y r id in iu m  io n  c o n c e n t r a t io n  a c c e l e r a t e s  
th e  r a t e  o f  m e t a l l a t i o n ,  and a l s o  i t  produced a l i t t l e  b e t t e r  
l i n e a r  a g ree m e n t ,  which l e t  t h i s  a u th o r  choose th e  r a t i o  o f  
a s  1 /5 .
When k i n e t i c  e x p e r im e n ts  were u n d e r ta k e n  under  t h i s  
c o n d i t io n  a s  w e l l  as  u n d er  th e  c o n s ta n t  i o n i c  s t r e n g t h ,  th e  
r a t e  o f ■magnesium m e t a l l a t i o n  in c r e a s e d  as  th e  c o n c e n t r a t io n  
o f  c a t a l y s t ,  p y r i d i n e ,  i n c r e a s e d .  In th e  ca se  o f  i o n i c
* _ I M i
s t r e n g t h ,  0 .025  M, r a t e  c o n s ta n t s  in c r e a s e d  from 7.05  M“ Ah r  
to  2 0 .5  M ^ h r* ^  as  th e  c o n c e n t r a t io n  of p y r id in e  in c re a s e d
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t e n  t im es  from 5 .8 0  x 10 M to  5 .80  x 10 M. In a d d i t i o n  
t h i s  i n c r e a s e  took  p la c e  l i n e a r l y  as  shown in  F ig u re  7 . 
M e ta l l a t i o n  w i th  i o n i c  s t r e n g t h ,  0 .050  M, w hich i s  summar­
iz e d  i n  Table 14, a l s o  produced th e  same tendency  o f  
in c r e a s in g  r a t e  a s  th e  c o n c e n t r a t io n  o f  p y r id in e  augm ented. 
The r a t e  c o n s ta n t s  were changed from 8 .25  M~^hr~*’ to  2 2 .7
M"^hr"^ when th e  p y r id in e  c o n c e n t r a t io n  was r a i s e d  from 
— ^ 93 .4 8  x  10 to  5 .8 0  x lO ^M . A l i n e a r  cu rve  i s  a l s o  r e c o g ­
n i z a b l e  in  F ig u re  7 . When i o n i c  s t r e n g t h  was enhanced
f u r t h e r  to  0 .1 0 0  M, th e  r a t e  in c re a s e d  l ik e w is e ;  however th e  
r a t e  a p p e a r s  to  be a p p ro ac h in g  a c e r t a i n  l i m i t , a s
re c o g n iz e d  i n  F ig u re  7. Up to  th e  p y r id in e  c o n c e n t r a t io n  
- 2o f  2 .9 0  x 10 M, th e  r a t e  d e f i n i t e l y  in c re a s e d  in  a l i k e
manner a s  i n  th e  two p rev io u s  r u n s .  A lthough t h i s  pheno­
menon sh o u ld  be i n v e s t i g a t e d  f u r t h e r  to  r e a c h  a c l e a r
c o n c lu s io n ,  i t  c o u ld  be i n t e r p r e t e d  a s  f o l lo w s :  th e  c a t a l y ­
t i c  a c t i v i t y  o f  p y r id in e  does n o t  i n c r e a s e  c o i n c id e n t ly  in  
th e  madia o f  h ig h e r  i o n i c  s t r e n g t h  a s  th e  i o n i c  s t r e n g t h  
i n c r e a s e s .  Because th e  r a t e  s u r e ly  in c re a s e d  as  th e  p y r i ­
d in e  c o n c e n t r a t io n  and io n ic  s t r e n g t h  in c re a s e d ^ b u t  n o t  
q u i t e  a s  much a s  e x p e c te d ,  i t  seems re a s o n a b le  to
e x p l a in  t h i s  d e v i a t io n  in  te rm s o f  d e c re a s in g  a c t i v i t y  o f  
c a t a l y s t  o r  p o s s ib ly  o f  r e a c t a n t s .
S x cep t f o r  t h i s  d e v i a t i o n ,  any o th e r  r a t e  c o n s ta n t s
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m easured can be p l o t t e d  f a i r l y  w e l l  on l i n e a r  cu rv es  as  
shown in  F ig u re  7. This im p l ie s  t h a t  r a t e  c o n s ta n t  can be 
r e p r e s e n te d  as  a f i r s t  o r d e r  f u n c t io n  o f  p y r id in e  concen­
t r a t i o n .  In f a c t  t h i s  i s  a l s o  v e ry  im p o r ta n t  e x p e r im e n ta l  
f in d in g  to  d e te rm in e  th e  r e a c t i o n  mechanism. The r e l a t e d  
e q u a t io n s  between r a t e  c o n s ta n t s  and th e  p y r id in e  concen­
t r a t i o n  were c a l c u l a t e d  and l i s t e d  in  Table 19.
Table 19
F i r s t  O rder Dependence o f  Rate C o n s tan ts  
on C o n c e n tra t io n  o f  i y r i d i n e
k - a ( P y )  -§- b
a ^M ^hr**^) b
0 .0250 M 2 .5 1 X 1 0 2 5.18
0 .0500 K 2 .58 X IQ2 7.81
0 . 1 0 0 M 2 .9 4 X 1 0 2 16.32
In any c a s e ,  th e s e  r e s u l t s  d is c u s s e d  thus  f a r  and shown in  
Table 13-15 and F ig u re  7 f c l e a r l y  i n d i c a t e  t h a t  magnesium 
m e t a l l a t i o n  e x h i b i t s  g e n e ra l  base  c a t a l y s i s ^  b ecau se , when 
th e  c o n c e n t r a t io n  o f  l y a te  io n  was k e p t  c o n s ta n t  by m ain­
t a i n i n g  th e  c o n s ta n t  r a t i o  o f  fyH^/Py, th e  r a t e  o f  magnesium 
m e t a l l a t i o n  in c r e a s e d  a s  th e  c o n c e n t r a t io n  o f  c a t a l y s t ,  
p y r i d i n e ,  in c r e a s e d .
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T h is  c o n c l u s i o n  i s  a l s o  s u p p o r t e d  by t h e  s u c c e s s f u l
a p p l i c a t i o n  o f  B r o n s t e d  g e n e r a l  c a t a l y s i s  law-which w i l l  be
d i s c u s s e d  n e x t .
H ow ever, b e f o r e  p r o c e e d i n g  t o  t h e  n e x t  d i s c u s s i o n ,  
t h e r e  i s  a n o t h e r  t h i n g  t o  b e  p o i n t e d  o u t  i n  F i g u r e  7 . I t  i s  
t h e  f a c t  t h a t  n o n e  o f  t h r e e  l i n e a r  c u r v e s  p a s s  th r o u g h  t h e  
o r i g i n  when e a c h  l i n e  i s  e x t r a p o l a t e d  t o  z e r o  p y r i d i n e  c o n ­
c e n t r a t i o n  „ B u t ,  i t  wd& a l s o  m e n t io n e d  p r e v i o u s l y
t h a t  no  m agnesium  m e t a l l a t i o n  t a k e s  p l a c e  w i t h o u t  c a t a l y s t ,  
p y r i d i n e .  T h e r e f o r e  i t  i s  e x p e r i m e n t a l l y  e v i d e n t  t h a t  the
c a t a l y t i c  e f f e c t  due  t o  p y r i d i n e  and  s a l t  e f f e c t  ( i o n i c
s t r e n g t h  e f f e c t )  due  t o  so d iu m  p e r c h l o r a t e  a f f e c t  t h e  r a t e  
o f  m agnesium  m e t a l l a t i o n  s y n e r g i s t i c a l l y . T h is  s y n e r g i s t i c  
e f f e c t  s h o u ld  be  s e p a r a t e d  i n t o  two i n d e p e n d e n t  e f f e c t s  i f  
p o s s i b l e ,  w h ic h  w i l l  be  d i s c u s s e d  l a t e r .
A n o th e r  good  e v id e n c e  t h a t  m agnesium  m e t a l l a t i o n  d i s ­
p l a y s  g e n e r a l  b a s e  c a t a l y s i s  was o b t a i n e d  by t h e  good 
a g re e m e n t  o f  B r o n s t e d  p l o t  a s  i n d i c a t e d  i n  F i g u r e  6 a n d  
T a b le  17, F o r  t h o s e  r e a c t i o n s  w h ic h  a r e  s u b j e c t  t o  g e n e r a l  
b a s e  c a t a l y s i s ,  an  e x p e c t e d  r e l a t i o n s h i p  e x i s t s  b e tw e e n  t h e  
s t r e n g t h  o f  t h e  b a s e ,  a s  d e t e r m i n e d  by i t s  i o n i z a t i o n  c o n ­
s t a n t ,  an d  i t s  e f f i c i e n c y  a s  a  c a t a l y s t ,  d e t e r m i n e d  by t h e  
o b s e r v e d  r a t e  c o n s t a n t .  I f  we d e n o te  t h i s  c o n s t a n t  ( a l s o  
c a l l e d  t h e  c a t a l y t i c  c o n s t a n t )  by k f o r  b a s e  c a t a l y s i s ,  th e n
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th e  r e l a t i o n s h i p  i s  b e s t  shown by
k = o(K' (4 -1 )
v;here X i s  th e  b a s ic  i o n i z a t i o n  c o n s ta n t  and ck and B  a r e
c o n s ta n t s  c h a r a c t e r i s t i c  o f  th e  r e a c t i o n ,  th e  s o l v e n t ,  and
u n i t y .  However, th e  Bro 'nsted law i s  s u b j e c t  to  two l i m i t s -  
t i o n s  w hich can be s t a t e d  a s :  ( i )  th e  r e l a t i o n s h i p s  can h o ld  
o n ly  i f  th e  c a t a l y t i c  a c t io n  o f  b ases  o f  th e  same ty p e  a r e  
b e in g  com pared; ( i i )  s t a t i s t i c a l  c o r r e c t i o n  f o r  th e  number 
o f  b a s ic  f u n c t io n s  i s  made.
These two l i m i t a t i o n s  ta k en  in to  a c c o u n t ,  v a r io u s  amine 
compounds w ere s e l e c t e d  and t e s t e d  u nder  two d i f f e r e n t  re ac «  
t i o n  c o n d i t i o n s .  When lo g a r i th m  o f  th e  r a t e  c o n s t a n t ,  log 
k ,  and pl< v a lu e s  o f  am ines a r e  p l o t t e d  in  F ig u re  6 , good 
l i n e a r  ag reem en ts  were o b ta in e d  in  bo th  r u n s .  Fach run  o f  
v a lu e s  w ere t r e a t e d  by l e a s t  sq u a re  m ethod, th e  fo l lo w in g  oL
th e  te m p e ra tu re than
Table 20
and 8> V alues f o r  B ronsted  G enera l Base C a ta ly s i s  Law
Run . I
(p* 0 .050  M, B= 4 . 13xlO”3H) 
3 .4 0  x 1 0 ^ M” *vhr~^
3  0 .430
Run IX
(p~ 0 .0141  H, B~ 4 .1 3 x lO " 4M) 
3 .1 3  x l O 3  M"^hr~^
0 .349
B r e p r e s e n t s  th e  c o n c e n t r a t io n  o f  amines used
T 1122 98
D i f f e r e n t  v a lu e s  o f  and p  a r e  n o t  com parable because  
i o n i c  s t r e n g t h  and th e  c o n c e n t r a t io n  o f  b a s e s  a r e  d i f f e r e n t .  
S t r i c t l y  s p e a k in g ,  p  v a l u e ,  an index  o f  s e n s i t i v i t y  o f  th e  
c a t a l y s t  f o r  th e  r e a c t i o n  may be th e  same f o r  two ru n s  i f  
th e  r e a c t i o n  mechanism i s  th e  same r e g a r d l e s s  o f  th e  concen­
t r a t i o n  o f  c a t a l y s t .  However, h e re  a g a in  p o s i t i v e  s a l t  
e f f e c t  due to  added sodium p e r c h l o r a t e  must be re c o g n iz e d  as 
a  s y n e r g i s t i c  e f f e c t .  As f o r  l v a l u e ,  when th e  c o n c e n t r a ­
t i o n  o f  b ase  was in c r e a s e d  by an o r d e r  o f  t e n ,  cA v a lu e s  
a l s o  in c r e a s e d  by th e  o r d e r  o f  t e n .
Reasons f o r  d e v ia te d  p o in ts  in  F ig u re  6  sh o u ld  be 
d i s c u s s e d .  4 - P i e o l i n e ,  i n  Rim I ,  formed c o l l o i d a l  c lo u d in e s s  
w hich  f a i l e d  in  c a t a l y z in g  th e  r e a c t i o n  e f f e c t i v e l y .  Quino­
l i n e  in  Run I I  gave v e ry  low e x p e r im e n ta l  v a lu e s  and d id  n o t  
f i t  th e  l i n e .  At t h i s  moment, no r e a s o n a b le  e x p la n a t io n  can 
be made. However, as  a t r i a l ,  th e  fo l lo w in g  re a s o n in g  i s  
p o s s i b l e .  8 -Hydrogen o f  q u in o l in e  i s  in  many c a se s  s t e r i c  
o b s t a c l e  to  th e  r e a c t i o n  c e n t e r  o f  n i t r o g e n  o f  q u in o l i n e .
Some s t e r i c  h in d ra n c e  i s  g e n e r a l ly  n o t i c e a b l e  in  th e  p e r i -  
hydro  gen o f  n a p h th a le n e .  Thus, t h i s  8 -hydrogen  may h in d e r  
q u in o l in e  from a p p ro a c h in g  th e  hydrogen o f  porphyrin^ in  a 
l i k e  manner, 2 , 6 - l u t i d i n e  i s  v e ry  poor c a t a l y s t  f o r
m e t a l l a t i o n  ( 2 7 ) .  However, t h i s  d i s c u s s io n  i s  smashed by 
th e  good ag reem en t o f  q u in o l in e  in  Run I .  P robab ly  q u in o l in e
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i s  so weak a b ase  t h a t  i t s  c a t a l y t i c  a c t i v i t y  i s  n o t  th e  
same a s  o t h e r s ,  e s p e c i a l l y  i n  a low c o n c e n t r a t io n ,
pK v a lu e s  used  f o r  each  amine a r e  th o se  in  aqueous 
s o l u t i o n .  In f a c t ,  pK v a lu e s  i n  w a te r  a r e  n o t  n e c e s s a r i l y  
th e  same as  th o se  in  a c e to n e  in  t h e i r  r e l a t i v e  v a l u e s .  
Because o f  th e  lower d i e l e c t r i c  c o n s t a n t s ,  th e  e f f e c t  o f  
i n t e r i o n i c  f o rc e s  i s  much g r e a t e r  th a n  i t  i s  in  w a te r .  For 
exam ple , i t  I s  found t h a t  th e  b a s ic  d i s s o c i a t i o n  c o n s ta n ts  
o f  ammonia and amines in  a l c o h o l  a r e  s m a l le r  by a f a c t o r  o f  
a b o u t  104 th an  in  w a te r ,  b u t t h a t  th e  r e l a t i v e  s t r e n g t h  of 
any two b a s e s  a r e  a p p ro x im a te ly  th e  same w i th in  a power o f  
a b o u t  te n  i f  two com paring s p e c ie s  a r e  o f  th e  same ty p e  
( 1 2 5 ) ,  B e l l  (126) found a l s o  t h a t  a com parison of t h e . c a t a ­
l y t i c  a c t i v i t y  o f  t e r t i a r y  am ines w i th  prim ary  amines o f  th e  
same s t r e n g t h  shows t h a t  th e  t e r t i a r y  amines a r e  more 
e f f i c i e n t  c a t a l y s t s  i n  some c a s e s .  B e l l  e x p la in e d  i t  in  
te rm s o f  th e  s o lv a t io n  e n e r g ie s  o f  p rim ary  ammonium io n s  
b e in g  g r e a t e r  th an  th o se  o f  t e r t i a r y  ammonium io n s .  Hence 
th e  m easured i o n i z a t i o n  c o n s ta n t s  in  w a te r  a r e  n o t  a t r u e  
m easure o f  th e  i n t r i n s i c  p ro to n  a f f i n i t y  o f  th e  am ine, 
Pearson  (127) a l s o  r e p o r t e d  t h a t  th e  r e l a t i v e  c a t a l y t i c  
e f f i c i e n c i e s  o f  p r im ary , seco n d ary  and t e r t i a r y  amines v a ry  
g r e a t l y ,  depending  on th e  s o lv e n t  when nonaqueous s o lv e n ts  
a r e  u s e d .  C o n s id e r in g  th e s e  t o g e th e r  w ith  Brown * s co n c ep t 
o f  f r o n t  and back s t r a i n  o f  am ines , th e  s e l e c t i o n  o f  amines
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a s  c a t a l y s t  and th e  i n t e r p r e t a t i o n  o f  t h e i r  c a t a l y t i c  
a c t i v i t i e s  must be c a r e f u l l y  made. In  c a se  o f  t h i s  t h e s i s  
r e s e a r c h ,  f o u r  o f  th e s e  am ines ag reed  l i n e a r l y  in  th e  
p l o t t e d  f i g u r e ,  w hich i n d i c a t e d  t h a t  a p p a r e n t ly  th e  con­
s i d e r a t i o n s  made above a r e  l e s s  im p o r ta n t .
A no ther p o in t  to  f e icovft&tde?€2gf:' i s  th e  w ide v a r ia n c e
i n  th e  r e p o r t e d  v a lu e s  o f  pK. As an exam ple, pK v a lu e s  of  
p y r id in e  a r e  r e p o r t e d  8 .62  (1 2 8 ) ,  8 .7 9  (1 2 9 ) ,  8 .77  (130) 
and 8 .8 1  (1 3 1 ) .  The a u th o r  used  v a lu e s  o f  D ic t io n a ry  o f  
O rgan ic  Compounds, Oxford U n iv e r s i ty  P ress  (12 9) f o r  a l l  o f  
th e  am ines s tu d ie d  to  a v o id  p o s s ib le  d e v i a t io n s  o f  e x p e r i ­
m e n ta l  d a ta  caused  by d i f f e r e n t  so u rc e s  o f  pK v a l u e s .
From th e s e  two e x p e r im e n ta l  r e s u l t s ,  t h a t  i s  to  s a y ,  
th e  good B ro n s ted  p l o t  and th e  in f lu e n c e s  o f  p y r id in e  on th e  
r a t e ,  i t  i s  co n c lu d ed  t h a t  magnesium m e t a l l a t i o n  e x h i b i t s  
g e n e r a l  b ase  c a t a l y s i s .  In  f a c t  t h i s  f in d in g  w i l l  g iv e  th e  
m ost p o w erfu l c lu e  f o r  th e  d e te r m in a t io n  o f  th e  r e a c t i o n  
mechanism, n o t  o n ly  b ecau se  th e  mechanism due to  s p e c i f i c  
b ase  c a t a l y s i s  can be e l im in a t e d ,  b u t  a l s o  because  th e  r a t e  
c o n s t a n t  can  be e x p re s s e d  a s  a f u n c t io n  o f  ev e ry  b a s ic  
s p e c ie g fe x is t in g  in  th e  r e a c t i o n  sys tem .
A no ther  n o te w o rth y  e x p e r im e n ta l  r e s u l t  i s  th e  f a c t  t h a t
r,
th e  h ig h e r  i o n i c  s t r e n g t h  produces th e  f a s t e r  r a t e  o f  m e ta l ­
l a t i o n .  I t  im p l ie s  t h a t  th e  r e a c t i o n  sequence  must be
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f a v o r e d  i n  t h e  f o r w a r d  d i r e c t i o n  i n  t h e  m ed ia  o f  h i g h e r  
i o n i c  s t r e n g t h .  I n  g e n e r a l ,  t h i s  s t a t e m e n t  i s  c o n c e r n e d  
w i t h  t h e  c h a r g e  d i s t r i b u t i o n  o f  t h e  t r a n s i t i o n  s t a t e  c o m p lex  
r e l a t i v e  t o  t h e  i n i t i a l  s t a t e .  I f  t h e  t r a n s i t i o n  s t a t e  
co m p lex  t e n d s  t o  d i s t r i b u t e  i t s  c h a r g e  d e n s i t y  more t h a n  
t h e  i n i t i a l  s t a t e ,  t h e  m ed ia  o f  l o w e r  i o n i c  s t r e n g t h  i s  
d e f i n i t e l y  f a v o r e d .  On t h e  c o n t r a r y  i f  t h e  t r a n s i t i o n  s t a t e  
c o m p lex  t e n d s  t o  l o c a l i z e  t h e  c h a r g e  d e n s i t y  m o r e ,  t h e  
h i g h e r  i o n i c  s t r e n g t h  w i l l  f a v o r  t h e  r e a c t i o n .  T h e r e f o r e  
i n  t h e  r e a c t i o n  s t e p s  o f  m agnes ium  m e t a l l a t i o n ,  t h e r e  m u s t  
be  some e l e m e n t a r y  r e a c t i o n s  i n  w h ic h  t h e  t r a n s i t i o n  s t a t e s  
t e n d  t o  l o c a l i z e  i t s  c h a r g e  d e n s i t y  a n d  e v e n t u a l l y  s e p a r a t e  
i t .  Above a l l ,  i f  t h i s  e l e m e n t a r y  r e a c t i o n  i s  r a t e -  
d e t e r m i n i n g  o r  v e r y  s l o w ,  t h e  e f f e c t  o f  h i g h e r  i o n i c  
s t r e n g t h  w i l l  be  e x e r t e d  m o s t  e f f e c t i v e l y .  T h e r e f o r e  t h i s  
e x p e r i m e n t a l  f i n d i n g  m u s t  be  t a k e n  i n t o  c o n s i d e r a t i o n  i n  t h e  
c o u r s e  o f  t h e  d e t e r m i n a t i o n  o f  t h e  r e a c t i o n  m ec h an ism .
E x p e r i m e n t a l l y  t h e  a u t h o r  c o u l d  n o t i c e  no  e q u i l i b r i u m  
b e tw e e n  p o r p h y r i n  and  m e t a l l o p o r p h y r i n .  The m e t a l l a t i o n  
a p p e a r s  t o  a d v a n c e  c o m p l e t e l y ;  h e n c e  a t  l e a s t  one  r e a c t i o n  
s t e p ,  m o s t  l i k e l y  t h e  r a t e - d e t e r m i n i n g  s t e p ,  m u s t  be 
i r r e v e r s i b l e .
B a s e d .o n  t h e s e  e x p e r i m e n t a l  f i n d i n g s ,  t h e  r e a c t i o n  
m ec h an ism  o f  m agnes ium  m e t a l l a t i o n  i s  d i s c u s s e d  n e x t .
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T h e re  seem s t o  be  t h r e e  e l e m e n t a r y  r e a c t i o n s  i n v o l v e d :  
f i r s t ,  t h e  r e a c t i o n  s t e p  b e tw e e n  m agnesium  i o n  and  p r o t o ­
p o r p h y r i n  d im e th y l  e s t e r  w h ic h  t h e  a u t h o r  c a l l s  com plex  
f o r m a t io n ^  s e c o n d ,  t h e  r e a c t i o n  i n  w h ic h  o n e  o f  two p r o t o n s  
i s  rem ov ed  f ro m  a p o r p h y r i n  m o l e c u l e ,  a n d  c a l l e d  f i r s t  
d e p r o t o n a t i o n 5 t h i r d ,  t h e  r e a c t i o n  o f  t h e  s e c o n d  p r o to n  
r e m o v a l  c a l l e d  s e c o n d  d e p r o t o n a t i o n .
I n  t h e  c o u r s e  o f  t h e  m e t a l l a t i o n ,  t h e s e  e l e m e n t a r y  
r e a c t i o n s  w i l l  a d v a n c e  i n  a  s im p le  o r d e r  o r  i n  a  m ixed  o r d e r  
f o r  w h ic h  e x p e r i m e n t a l  d a t a  f i t  b e s t .  I n  a n y  c a s e  e i t h e r  
c o m p lex  f o r m a t i o n  o r  f i r s t  d e p r o t o n a t i o n  m u s t  be  t h e  s t e p  
w h ic h  i n i t i a t e s  t h e  d e i n s t a l l a t i o n .
The a u t h o r  c l a s s i f i e s  t h e  p o s s i b l e  r e a c t i o n  m echan ism  
a s  f o l l o w s :
M echanism  A: t h e  f i r s t  s t e p  i s  t h e  co m plex  f o r m a t i o n .
M echanism  B: t h e  f i r s t  s t e p  i s  t h e  d e p r o t o n a t i o n .
I n  t h e  c a s e  t h a t  co m plex  f o r m a t i o n  i s  t h e  f i r s t  s t e p ,  
t h e n ,  e i t h e r  t h e  f i r s t  d e p r o t o n a t i o n  o r  t h e  s e c o n d  d e p r o t o n a ­
t i o n  c o u ld  be t h e  r a t e - d e t e r m i n i n g  s t e p .  C o n s e q u e n t l y ,  t h e  
f o l l o w i n g  s u b - c l a s s i f i c a t i o n  i s  p o s s i b l e :
A -  1 :  t h e  f i r s t  d e p r o t o n a t i o n  i s  t h e  r a t e - d e t e r m i n i n g  
s t e p .
A -  2 :  t h e  s e c o n d  d e p r o t o n a t i o n  i s  t h e  r a t e - d e t e r m i n i n g  
s t e p .
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In  each  o f  th e s e  c a s e s ,  th e  r e v e r s i b i l i t y  and e q u i l i ­
b rium  o f  each  s t e p ,  and th e  v a l i d i t y  o f  s t e a d y - s t a t e  
a p p ro x im a tio n  r e s u l t  in  d i f f e r e n t  r a t e  e x p r e s s io n s .
I f  d e p r o to n a t io n  i s  th e  f i r s t  s t e p  to  i n i t i a t e  m e ta l ­
l a t i o n ,  th e  fo l lo w in g  r e a c t i o n  sequences a r e  a l s o  d e r i v a b l e :  
B -  1 : th e  second s t e p  i s  th e  complex fo rm a t io n .
B -  2 :  th e  second s t e p  i s  th e  second d e p r o to n a t io n .
In  each  o f  B » 1 and B -  2 mechanisms, t h e r e  a r e  two 
s u b - c l a s s i f i c a t i o n s  which must be c o n s id e re d  as  in  th e  ca se  
o f  A -  1 and A -  2 .  The problem  i s  which s te p  i s  th e  r a t e -  
d e te rm in in g  s t e p .  These c o n s id e r a t i o n s  w i l l  g iv e  d i f f e r e n t  
r a t e  e x p r e s s io n s .
Mechanisms h y p o th e s iz e d  above a r e  d is c u s s e d  f o r  t h e i r  
f i t n e s s  to  e x p e r im e n ta l  d a t a .
Mechanism A -  1:
+ ■ BH+ (4 -3 )
(4 -2 )
I f  th e  s t e a d y - s t a t e  ap p ro x im a tio n  i s  a p p l i c a b le  fo r
KgPH^ and th e  second s t e p  i s  r a t e - d e t e r m in i n g ,  th e  r a t e
e q u a t io n  can be d e r iv e d  as f o l lo w s :
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k ,k ? (B) _ k2 k _2 (B)
r a t e  = — ------ 7 7 7 ”  (PH^XMg2 *) + r------T~rrz (MgPH )(BH )
- k _ 2  ( PIS PH*) ( BH+ ) (4 -4 )
Under th e  r e a c t i o n  c o n d i t io n  employed, k „ 2  nuist be 
n e g l i g i b l y  s m a l l ,  k _ 2  = 0 .
H ence ,
k*|ko ( s )  o »
r a t e  -  k ^ T k ^ B )  ( ^ 2 ^ ^   ̂ (4 -5 )
R a te  c o n s t a n t ,  k ,  c an  be  e q u a l i z e d  a s  f o l l o w s :
,, _ k l k 2 ^B  ̂ n r  -  = k " l  J. -
k ~ $q+i^T3j k k ^ T B j kx v '
This k i n e t i c  e q u a t io n  i n d i c a t e s  t h a t  th e  r e c i p r o c a l  o f  
k i s  l i n e a r l y  r e l a t e d  w ith  th e  r e c i p r o c a l  o f  th e  base  concen­
t r a t i o n .
When t h i s  r e l a t i o n  i s  p l o t t e d  as  shown in  F ig u re  8 , i t  
does n o t  f i t  th e  s t r a i g h t  l i n e .  However, as  a l i m i t i n g  case  
o f  a s te a d y  s t a t e  a p p ro x im a tio n ,  i f  th e  i n i t i a l  s t e p  (4 -2 )  i s  
v e ry  r a p id  e q u i l ib r iu m ,  k w i l l  be e x p re s se d  as  f o l lo w s :
k l k 2k = — ( B)  (4 -7 )
k - i
This e q u a t io n  r e p r e s e n t s  th e  f i r s t  o r d e r  dependence of  
r a t e  c o n s t a n t ,  k ,  on th e  c o n c e n t r a t io n  o f  b a s e ,  (B ) ,  which 
f i t  th e  e x p e r im e n ta l  f in d in g s  as  shown in  F ig u re  7 .
T 1122 105
Mechanism A -  2 :
PH2  + Mg2* 7- k l  > MgPH2* (4 -8 )
^  2
MgPH2+ + B 7 - 2  > MgPH* + BH* ( 4 - 9 )
2  ^
.  ko ,
Mg PH + B 7 - - > MgP + BH1' ( 4 - 1 0 )
k -3
In t h e  c a s e  i n  w h i c h  t h e  s e c o n d  d e p r o t o n a t i o n  i s  r a t e -  
d e t e r m i n i n g  and  t h e  c o n c e n t r a t i o n  o f  Mg PH* i s  c o n s t a n t l y  
s m a l l  d u r i n g  t h e  r e a c t i o n ,
U J ^ B ) 2 k 3k . 3 (B)
r a t e  = ------- — ------------  (Mg2 +)(P H ,)  +   7 ---—  (PMg)(BH+ ;
k . 2 (BH+ )+ k 3 (B) k_2 (BH*)+k3 (B)
-k _ 3 (MgP)(BH+) (4 -1 1 )
Assume th e  i r r e v e r s i b i l i t y  o f  th e  r a t e - d e te r m in i n g  s t e p  
v a l i d ,  = 0 .
Thus,
kokaK^(B) 2 +
7 ^ b i F h 7 < b )  ^  ( 4 ' l 2 )
Hence, r a t e  c o n s ta n t  i s ,
k~k-K.,(B) kok-K,
k = r 7 (BH*)+k 3 (B) = (B) ( 4 " I 3 )
(B) 3
This d e r iv e d  e q u a t io n  d i s p l a y s  t h a t  th e  k i s  a f i r s t  
o r d e r  f u n c t io n  o f  th e  c o n c e n t r a t io n  o f  b a s e ,  because  th e  r a t i o
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o f  (BH*)/(B) i s  h e ld  c o n s t a n t .  In  f a c t ,  t h i s  r e l a t i o n  a g re e s  
on th e  e x p e r im e n ta l  f i n d i n g .
I f  th e  assum ption  made f o r  MgPH* i s  i n v a l i d ,  in  o th e r  
w o rd s , th e  second s t e p  b e in g  a r a p id  e q u i l ib r iu m ,  th e  r a t e  
e q u a t io n  can be in t ro d u c e d  a s  f o l l o w s :
k = koK, Kn -i .g i-  (B) ( 4 - 1 4 )
(BH-*-)
w hich g iv e s  a l s o  th e  r e l a t i o n  t h a t  k i s  a f i r s t  o r d e r  fu n c ­
t i o n  o f  th e  b a se  c o n c e n t r a t i o n .
Mechanism B -  1:
PH? + B —- U > ph“ + BH+ (4 -1 5 )
PH” + Mg2+ -  > MgPH* (4 -1 6 )
k-2
MgPH+ + B c 3  -> MgP + BH+ ( 4 - 1 7 )
'  k -3
Suppose th e  t h i r d  s t e p ,  th e  second d e p r o to n a t io n ,  r a t e -  
d e te rm in in g  and th e  s t e a d y - s t a t e  ap p ro x im a tio n  v a l i d  f o r  
MgPH+ ,
_ W  ( M 2 , (b s 2 *) ♦
'  '  k . 2 « 3 (f l )  (BH*) H .2 +H3 (B)
-  k_3 (MgP)( BH+) (4 -1 8 )
Assume th e  r a t e - d e t e r m in i n g  s t e p  i r r e v e r s i b l e ,  = 0 ,
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k2k3Kl< B> <B> ?+r a t e  =     — (PH? )(Mg ) (4 -1 9 )
k-2 + k 3 <B) (BH+)
Thus k i s  as  f o l lo w s :
k2k3Kl (B) (B) 1 / k -2 1 1 N (BH+)
k-2 + k3 ( BJ (BH*) ° r  k \k2k3Kl  ^  * 2 ^ 1 /  <B)
This r a t e  e q u a t io n  i s  e s s e n t i a l l y  th e  same as  e q u a t io n  
4-6  d e r iv e d  in  Mechanism A -  1, which d is a g re e s  on th e  e x p e r i ­
m e n ta l  f in d in g s  as shown in  F ig u re  8 .
I f  th e  second s t e p  i s  f a s t  e q u i l ib r iu m  and th e  s te a d y -  
s t a t e  a p p ro x im a tio n  i s  n o t  v a l i d  f o r  .MgPH*, th e  r a t e  c o n s ta n t  
i s  a s  f o l l o w s :
k = koKjK, (B) (4 -2 1 )
* (BH*)
w hich i s  e x a c t l y  th e  same a s  e q u a t io n  4 -1 4 ,  because  th e  assump­
t i o n  made i s  th e  same.
I f  th e  second s t e p ,  th e  complex fo rm a t io n ,  i s  th e  r a t e -  
d e te rm in in g  s t e p ,  a te rm  o f  magnesium c o n c e n t r a t io n  ap p e a rs  
i n  th e  denom inato r under  th e  assum ption  o f  = 0  shown 
below ,
r a t e  = -------- ..................... — (Mg2+) (PH2 ) (4 -2 2 )k-l<BH+)■+ k2(Ks2*) Z
This i s  a g a i n s t  e x p e r im e n ta l  f in d in g s  t h a t  th e  r a t e  c o n s ta n t  
i s  a  f u n c t io n  o f  b a s ic  c a t a l y s t  and in d e p en d en t o f  th e  concen­
t r a t i o n  o f  magnesium i o n ,  which was d is c u s s e d  in  th e  b eg in n in g  
o f  t h i s  c o n c lu s io n .
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Mechanism B ~ 2 :
k
PH2  + B —i —■> PH~ * BH+ (4 -2 3 )XT
k2 _  J>PH" + B r ~ ^  r  " + BH* (4 -2 4 )
k-2
P2 " + Mg2 * - -k.3 , Mg? (4 -2 5 )
Assuming t h a t  th e  second s t e p  i s  r a t e - d e te r m in in g  and
i r r e v e r s i b l e ,  and t h a t  th e  s t e a d y - s t a t e  a p p ro x im a tio n  i s  
v a l i d  f o r  PH~$ th e  r a t e  e x p re s s io n  becomes as  f o l lo w s :  
k 1 k2 (B)^
r a t e  = ~ ( P H o )  (4 -2 6 )
k w*̂ (BH ) 4* ^  (B)
The r a t e  e q u a t io n  in t ro d u c e d  above i n d i c a t e s  t h a t  th e  r a t e  i s
in d e p e n d e n t  o f  th e  c o n c e n t r a t io n  o f  magnesium io n .  In f a c t ,
t h i s  i s  a g a i n s t  th e  e x p e r im e n ta l  f i n d i n g s .  The assum ption  of
th e  r a p id  e q u i l ib r iu m  o f  th e  f i r s t  s t e p  w i l l  a l s o  g iv e  th e
e x p r e s s io n  w i th o u t  th e  te rm  o f  magnesium io n .
I f  th e  t h i r d  s t e p  i s  r a t e - d e te r m in in g  and i r r e v e r s i b l e
?»and th e  c o n c e n t r a t io n  o f  IT i s  c o n s t a n t l y  v e ry  s m a l l ,  
k-jkoK-j ( B) (3 )  o.,
r a t e  = —  ---------- — - (PH,)(Mfe2  f ) (4 -2 7 )
k„ 2 (3H ‘')  + k 3 (Mg) (BH )
This d e r iv e d  e q u a t io n  i s  e s s e n t i a l l y  th e  same *as e q u a t io n  4 -2 2 , 
w hich was in t r o d u c e d  in  th e  d i s c u s s io n  o f  Mechanism B -  1 and
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d is p r o v e d «
A l l  o f  th e s e  d i s c u s s io n s  ab o u t  th e  r e a c t i o n  mechanism 
o f  magnesium m e t a l l a t i o n  a r e  based  on th e  i n i t i a l  assum ption  
o f  a s i n g l e  com bina tion  o f  th r e e  r e a c t i o n  s t e p s ;  however* 
i t  i s  a l s o  q u i t e  p o s s i b le  f o r  th e s e  th r e e  s te p s  to  ta k e  
p la c e  in  a mixed o rd e r*  T h e r e f o r e . i t  can be s t a t e d  t h a t  
h a r d ly  a l l  o f  th e  p o s s ib le  mechanisms have been d i s c u s s e d .  
But th e  a u th o r  b e l i e v e s  t h a t  th e  most p ro b ab le  mechanisms 
to  f i t  e x p e r im e n ta l  r e s u l t s  have been covered  in  t h i s  d i s -  
c u s s io n  so fa r*
A l l  o f  th e s e  mechanisms d iscussed , be in g  tak en  i n t o  
a c c o u n t ,  t h e r e  i s  one mechanism which f i t s  th e  e x p e r im e n ta l  
d a ta  w ell*
I t  i s  th e  mechanism A « 2 .
I t  a g re e s  v e ry  w e l l  on th e  e x p e r im e n ta l  f in d in g s  in  
T ab les  13-15 and F ig u re  7 t h a t  th e  r a t e  c o n s ta n t  changes 
l i n e a r l y  w i th  r e s p e c t  to  th e  c o n c e n t r a t io n  o f  b ase  c a t a l y s t ,  
p y r i d i n e ,  and t h a t  th e  r e a c t i o n  o r d e r  w ith  r e g a rd  to  th e  
c o n c e n t r a t io n  o f  magnesium io n  and p o rp h y rin  i s  f i r s t *  In 
a d d i t i o n ,  t h i s  mechanism s u p p o r ts  a n o th e r  e x p e r im e n ta l  f i n d ­
in g  t h a t ,  as i o n i c  s t r e n g t h  i n c r e a s e s ,  th e  r a t e  i n c r e a s e s .
In  th e  p roposed  mechanism A -  2 ,  bo th  th e  second and th e  
t h i r d  s t e p  a r e  in  f a v o r  o f  s h i f t i n g  to  th e  p ro d u c t  s id e  when 
th e  h ig h e r  i o n i c  s t r e n g t h  g iv e s  r i s e  to  h ig h e r  i o n i c
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e n v iro n m e n t.  D ip o s i t iv e  c h a rg e s  o f  MgPH^* d i s t r i b u t e  a l l  
o v e r  t h i s  l a r g e  in t e r m e d ia t e  m o le cu le .  I t  i s  q u i t e  r e a s o n ­
a b le  to  assume t h a t  d i p o s i t i v e  c h a rg es  d e l o c a l i z e  from 
magnesium to  th e  p o rp h y r in  p i  sys tem . The s e p a r a t io n  o f  
t h i s  c h a rg e  by b a s i c  s p e c ie s  i s  d e f i n i t e l y  fav o red  in  th e  
h ig h e r  i o n i c  en v iro n m e n t.  Q u ite  th e  same d i s c u s s io n  i s  a p ­
p l i c a b l e  to  th e  t h i r d  s t e p .  H e n c e fo r th ,  th e  in c r e a s e  in  
i o n i c  s t r e n g t h  f a v o r s  th e  fo rw ard  d i r e c t i o n s  o f  th e  second 
and th e  t h i r d  s t e p  o f  m e t a l l a t i o n .
Die same d i s c u s s i o n ,  how ever, can n o t be made ab o u t th e  
f i r s t  s t e p .  Merging magnesium io n  and m o le cu la r  p o rp h y rin  
to  form  MgPH  ̂ i s  u n fa v o r a b le  w i th  th e  in c r e a s in g  p o l a r i t y  
o f  m ed ia . P robab ly  th e  e q u i l ib r iu m  o f  th e  f i r s t  s t e p  must 
be s u f f i c i e n t l y  l a r g e  even u n d e r  r e l a t i v e l y  h ig h  io n ic  
s t r e n g t h  and may n o t  be in f lu e n c e d  by th e  s u b s t a n t i a l  i n ­
c r e a s e  o f  i o n i c  s t r e n g t h .
The p o s s i b i l i t y  o f  a  mechanism o th e r  th a n  A -  2 ty p e  
m ust be p ro b ed .
Both A -  1 and B -  1 i n d i c a t e  t h a t  th e  r e c i p r o c a l  o f  
r a t e  c o n s t a n t  i s  p r o p o r t i o n a l  t o  th e  r e c i p r o c a l  c o n c e n t r a ­
t i o n  o f  p y r i d i n e ,  and d i s a g r e e  on th e  e x p e r im e n ta l  d a t a .  In  
th e  l i m i t i n g  c a s e  o f  th e  s te a d y  s t a t e  a p p ro x im a tio n ,  how ever, 
b o th  A -  1 and B -  1 w i l l  g iv e  th e  k i n e t i c  r e l a t i o n  i d e n t i c a l  
to  A -  2 .  In  f a c t  th e  mechanism B -  1 w i l l  be e s s e n t i a l l y
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th e  same a s  A -  2 in  th e  l i m i t i n g  ca se  t h a t  th e  second de« 
p r o to n a t io n  i s  r a t e - c o n t r o l l i n g  and th e  complex fo rm a tio n  i s  
in  r a p i d  e q u i l ib r iu m *
There i s  no c l e a r - c u t  e x p e r im e n ta l  ev id en ce  to  d i s t i n ­
g u is h  th e  mechanism A -  1 i n  th e  l i m i t i n g  c a se  from th e  
mechanism A « 2 .  There a r e  a few re a s o n s  to  b e l i e v e ,  how­
e v e r ,  t h a t  th e  second d e p ro to n a t io n  i s  s low er th a n  th e  f i r s t  
d e p ro to n a t io n *
In  th e  f i r s t  p la c e  therm odynam ica lly  s p e a k in g ,  e q u i l i ­
b rium  c o n s ta n t  f o r  th e  f i r s t  d e p ro to n a t io n  and f o r  th e
PH?+ -t --------► PH? + H+ K*4 3  4
PH+ <------- ► PH2  + H+ Kj
second  d e p r o to n a t io n  a r e  d i f f e r e n t  to  a l a r g e  e x te n t*  K4  i s
o
more than  1 0  t im es g r e a t e r  th a n  Kg in  co p ro p o rp h y r in  and in  
d e u te ro p o rp h y r in  in  aqueous s o l u t i o n  ( 5 2 ) .  Of c o u rs e  th e  
r e s u l t  o f  d i f f e r e n t  p o rp h y r in  may n o t  be s t r i c t l y  a p p l i c a b l e ,  
b u t  i t  im p l ie s  t h a t  th e  f i r s t  d e p ro to n a t io n  i s  f a r  
e a s i e r  th an  th e  second d e p r o to n a t io n  a t  l e a s t  therm odynam ic­
a l ly *
(
In  o r d e r  to  conform f a  n o m e n c la tu re  used  i n  th e  i n t r o d u c ­
t i o n  o f  t h i s  t h e s i s ,  te rm s o f  K^ and Kg a r e  u se d .
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K i n e t i c a l l y ,  i t  may be co n c lu d ed  a l s o  t h a t  th e  f i r s t  
d e p r o to n a t io n  may be f a s t e r  th a n  th e  second d e p r o to n a t io n .  
The re a s o n  can be e x p la in e d  from  th e  c o n c e p t  o f  a c t i v a t i o n  
energy* When magnesium io n  combines w i th  n e u t r a l  p o rp h y rin  
m o le c u le ,  some amount o f  en e rg y  i s  r e s t o r e d  i n  th e  r e s u l t i n g  
complex \ t h a t  i s ,  an e n e r g e t i c a l l y  h ig h e r  a c t i v a t e d
complex i s  form ed. When b ase  c a t a l y s t  h e lp s  to  remove a 
p ro to n  from t h i s  com plex, more energy  i s  a v a i l a b l e  to  c le a v e  
a p ro to n  f o r  KgFH£ th a n  f o r  Mg PH' • In  o th e r  w ords , porphy­
r i n  r e c e iv e s  much o f  i t s  “en e rg y  payment11 from th e  fo rm a tio n  
o f  th e  new m agnesium -porphyrin  complex b e fo re  hav ing  to  pay
i t s  “en e rg y  debt** f o r  th e  r e l e a s e  o f  p ro to n ,  and t h i s  a v a i l -
9 4 . 4 =a b l e  en e rg y  i s  g r e a t e r  in  MgPH  ̂ than  in  Mg PH • T h ere fo re
th e  f i r s t  d e p ro to n a t io n  i s  e a s i e r  th an  th e  second d e p ro to n a ­
t io n *  T h is  d i s c u s s io n  i s  b ased  on th e  d i f f e r e n c e  o f  th e  
a c t i v a t i o n  r e q u i r e d  f o r  each  o f  tw o d e p ro to n a t io n  s t e p s .
C o n s id e r in g  thermodynamic and k i n e t i c  f a c t o r s  f o r  
th e  two d e p r o to n a t io n  s t e p s ,  i t  seems r e a s o n a b le  to  conc lude  
t h a t  th e  a ssu m p tio n  made in  th e  mechanism A -  2 i s  h ig h ly  
l i k e l y .
D isc u ss in g  t h i s  problem  a lo n g  w ith  p ro b ab le  s t r u c t u r a l  
change from p o rp h y r in  to  m e ta l lo p o r p h y r in , th e  fo l lo w in g  
two sequences o f  s t r u c t u r a l  c o n v e rs io n  a r e  d e r i v a b l e .
PE: Mg PH MgP



















Sequence I i s  s u i t a b l e  f o r  mechanism A -  2 ;  t h a t  i s  to  
s a y ,  magnesium ion  makes a complex w ith  p o rp h y r in  f i r s t  and 
th e n  d ro p s  i n t o  th e  c e n t e r  o f  p o rp h y rin  s t e p  by s t e p .  The 
s t e p  t h a t  magnesium io n  d rops  in to  th e  p o rp h y rin  c e n t e r ,  th e  
second  d e p r o to n a t io n * must be r a t e - d e t e r m i n i n g .  Sequence I I  
i s  f o r  th e  ca se  t h a t  th e  f i r s t  d e p ro to n a t io n  i s  r a t e -  
c o n t r o l l i n g .  Magnesium io n  a l r e a d y  s i t s  in  th e  m iddle o f  th e  
p o rp h y r in  in  th e  s ta g e  o f  Mg PH*, which seems u n l i k e l y .  This
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c o n f i g u r a t i o n a l  a n a l y s i s  a l s o  su p p o r ts  th e  c o n c lu s io n  t h a t  
th e  second  d e p r o to n a t io n  must be r a t e - d e t e r m i n i n g .
C o n s id e r in g  a l l  o f  th e s e  t h r e e ,  therm odynam ic, k i n e t i c  
and s t e r i c  r e a s o n s ,  i t  i s  more r e a s o n a b le  to  co n c lu d e  t h a t  
th e  second d e p ro to n a t io n  must be r a t e - d e t e r m i n i n g .  Thus, 
a g a in  th e  mechanism A -  2 i s  more l i k e l y  th a n  any o t h e r s .
N e x t j th e  s a l t  e f f e c t  ( i o n i c  s t r e n g t h  e f f e c t )  on magnesium 
met a n a t i o n  i s  d i s c u s s e d  in  more d e t a i l .  As p o in te d  o u t  
e a r l i e r ,  th e  r a t e  o f  magnesium m e ta H a t io n  in c r e a s e s  as th e  
i o n i c  s t r e n g t h  i n c r e a s e s ,  and t h i s  i n c r e a s e  was e x p la in e d  by 
th e  mechanism which has r e a c t i o n  s t e p s  fav o re d  f o r  h ig h e r  
i o n i c  s t r e n g t h .  This  e x p la n a t io n  may be s u f f i c i e n t  f o r  th e  
s a l t  e f f e c t  from a q u a l i t a t i v e  p o in t  o f  v iew . However, t h e r e  
rem ain  a few more th in g s  t h a t  shou ld  be e x p la in e d  ab o u t th e  
s a l t  e f f e c t .
F i r s t ,  when th e  e x t r a p o l a t i o n  o f  each  of t h r e e  l i n e a r  
c u rv e s  was made to  th e  ze ro  c o n c e n t r a t io n  o f  p y r id in e ,  none 
o f  them pass  th ro u g h  th e  o r i g i n .  Cn th e  o th e r  hand , no 
me ta  H a t  io n  occurred w i th o u t  p y r id in e  as  c a t a l y s t .  This 
a p p a r e n t  paradox  i s  due to  an e f f e c t  t h a t  th e  a u th o r  c a l l s  
s y n e r g i s t i c ;  t h e r e f o r e  b o th  c a t a l y t i c  e f f e c t  by p y r id in e  and 
s a l t  e f f e c t  by sodium p e r c h l o r a t e  on th e  r a t e  o f  m e ta l l a t i o n  
m ust be c l e a r l y  s e p a r a te d .
This co u ld  be done i f  r a t e  c o n s ta n t  a t  p s  0 i s
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o b t a i n a b l e .  From T ab le  13, 14? and 15, r a t e  c o n s ta n ts  
m easured a t  th e  c o n s ta n t  p y r id in e  c o n c e n t r a t io n  were r e c o g -  
n iz a d  in  t h e  fo l lo w in g  T ab le  21 . In o r d e r  to  d e te rm in e  r a t e  
c o n s ta n t s  a t  ji = 0 , kQ, by e x t r a p o l a t i o n ,  we have to  assume 
th e  m ost r e a s o n a b le  i n t e r i o n i c  th e o ry  which i s  supposed ly  
v a l i d  f o r  magnesium i n s t a l l a t i o n .
B ro n s ted  and B jerrum  (132) in t ro d u c e d  th e  fo l lo w in g  
e q u a t io n  b ased  on Debye^Huekel th e o ry ,
where and a r e  ch a rg e s  o f  r e a c t a n t s ,  A i s  c o n s ta n t  f o r  
a g iv en  s o lv e n t  and te m p e r a tu r e .  This d e r iv e d  e q u a t io n  has 
c e r t a i n  l i m i t a t i o n s  b ec au se  i t  i s  b ased  on th e  Debye-Kucke! 
th e o ry .  I t  i s  v a l i d  o n ly  f o r  d i l u t e  s o lu t i o n s  where p  i s  
s m a l l ,  p r e f e r a b l y  l e s s  th an  0 . 0 1  m o la I •
C h r i s t i a n s e n  (133) d e r iv e d  a l i t t l e  d i f f e r e n t  e q u a t io n  
based  on h i s  m odel,
where 3 i s  a f u n c t io n  o f  d i e l e c t r i c  c o n s t a n t ,  te m p e ra tu re ,  
Boltzmann c o n s ta n t ) a n d  c o l l i s i o n  d i s t a n c e .
I f  one o f  th e  r e a c t a n t s  i s  a n e u t r a l  m o lecu le  so t h a t  
z -q = 0 ,  th en  e q u a t io n  4-28 and 4-29 p r e d i c t  no e f f e c t  o f  th e
i o n i c  s t r e n g t h .  This a p p e a rs  t r u e  f o r  v e ry  d i l u t e - s o l u t i o n s .
However, a t  h ig h e r  i o n i c  c o n c e n t r a t io n  th e  r a t e  c o n s ta n t  may 
change because  o f  changes in  th e  a c t i v i t y  c o e f f i c i e n t s  o f
(4 -2 8 )
(4 -2 9 )
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Table 21 
R ate  C o n s ta n ts  a t  u  = 0
Exp. No. JL k 1L
x l 0 ?M xlO^m x l 0 ,m'
R-3159 5 .8 0 3 .16 7.05 1.78
R-3131 II 6 .3 1 9 .69 2 .5 1
R-3134 It 1 2 . 6 18.2 3 .55
R-3156 1 1 . 6 3 .16 7.85 1.78
R-3152 ti 6 .3 1 1 0 . 6 2 .5 1
R-3154 ti 1 2 . 6 19.5 3 .55
R-3159 2 9 .0 3 .16 12.5 1.78
R-3130 fi 6 .3 1 15.9 2 .5 1
R-3133 it 1 2 . 6 2 4 .9 3 .55
R-3155 4 6 .4 3.16 15.9 1.78
R-3151 it 6 .3 1 19.5 2 .5 1
I __
kQ: e x t r a p o la t e d  from log k v s ,  /p .
k » f : e x t r a p o la t e d  from log  k  v s ,  jj
k ^ 11 : e x t r a p o la t e d  from k vs* p .
k ° l  k° "  k /k °
3*13
2*25 5 .1 0  5 .8 0  4 .31
8.08
2.96
2*65 5 .8 5  6 .5 1  4 .00
7.36
1.99
6 .3 0  9 .9 0  10.2 2 .52
3.95




th e  io n s  n o t  g iven  by th e  Debye-Huckel th e o ry  and because  
th e  a c t i v i t y  c o e f f i c i e n t s  o f  n e u t r a l  m o lecu les  a r e  a f f e c t e d  
by h ig h e r  i o n i c  s t r e n g th s *  In t h i s  c a s e ,  th e  fo l lo w in g  
g e n e r a l  e q u a t io n  i s  g iv en  by Amis, J a f f e ,  and o th e r s  ( 5 6 ) .
where A i s  composed o f  d i e l e c t r i c  c o n s t a n t ,  ch a rg e s  o f  
r e a c t a n t s ,  r e f r a c t i v e  index  o f  s o lv e n t ,  te m p e ra tu r e ,  s i z e  of  
h y p o t h e t i c a l  r e a c t i v e  c a v i ty ,  and so on in  t h e i r  t h e o r e t i c a l  
d e r i v a t i o n .  This e q u a t io n  4-30 t e l l s  us t h a t  th e  lo g a r i th m  
o f  th e  r a t e  c o n s ta n t  becomes a l i n e a r  f u n c t io n  o f  th e  f i r s t  
power o f  th e  i o n i c  s t r e n g t h .  This seems to  be a p p ro x im a te ly  
t r u e  f o r  a number o f  r e a c t i o n s  in v o lv in g  two n e u t r a l  mole** 
c u le s  o r  a n e u t r a l  m o lecu le  and an io n .  U n fo r tu n a te ly  th e  
co n c ep t  o f  A i s  too c o m p lic a te d .
In  c a s e s  in  which a r e a c t i o n  in v o lv e s  o n ly  n e u t r a l  
m o le c u le s ,  i t  m ight be a n t i c i p a t e d  t h a t  th e  s a l t  e f f e c t  
would ba sm a ll  e x c e p t  f o r  h ig h  io n ic  c o n c e n t r a t io n s .  B a te ­
man , In g o ld  e t .  a l .  (134) in t ro d u c e d  th e  fo l lo w in g  e q u a t io n ,
where A c o n s i s t s  o f  d i e l e c t r i c  c o n s ta n t ,  t e m p e ra tu re ,  f r a c ­
t i o n a l  ch a rg e  o f  each d ip o l a r  m o lecu le ,  th e  d i s t a n c e  between 
them ,and th e  l i k e .  This e q u a t io n  a l s o  p r e d i c t s  a l i n e a r  
dependence of th e  lo g a r i th m  o f  th e  r a t e  c o n s ta n t  on th e  i o n i c  
s t r e n g t h .
In k = In kQ + Ajj. (4 -3 0 )
In k = .In kQ + Au (4 -3 1 )
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A l l  o f  th e s e  f o u r  e q u a t io n s ,  4 -2 8 , 4 -2 9 ,  4-30, and 4-31 
can be e x p e c te d  to  work only  in  a d i l u t e  s o lu t io n  and a l s o  in  
s o lv e n t s  o f  r e l a t i v e l y  h ig h  d i e l e c t r i c  c o n s t a n t .  In  non­
p o la r  s o l v e n t s ,  th e  b a s i c  assum ption  o f  an io n  a tm osphere  
made in  th e  d e r i v a t i o n  o f  th o s e  e q u a t io n s  i s  n o t  n e c e s s a r i l y  
v a l i d .  W in s te in  (135) d i s c u s s e d  t h i s  ca se  e m p i r i c a l ly  by 
p r e s e n t in g  th e  fo l lo w in g  e q u a t io n ,
k = kQ + ap  + bpn  (4 -3 2 )
Both c o e f f i c i e n t s ,  a and b ,  a r e  s t r i c t l y  e m p i r i c a l  c o e f f i c i e n t s ,  
and no t h e o r e t i c a l  a n a l y s i s  has been made a t  p r e s e n t .
C o n s id e r in g  a l l  o f  th e s e  f i v e  e q u a t io n s ,  t h e r e  a r e  th r e e  
ty p e s  o f  r e l a t i o n s h i p s  between r a t e  c o n s ta n t  and i o n i c  s t r e n g t h ;  
lo g  k v s .  /p , lo g  k v s .  p, and k v s .  p. The e x p e r im e n ta l  d a ta  
a r e  p l o t t e d  on th e s e  s c a l e s  in  F ig u res  9 , 10, and 11 and 
e x t r a p o l a t e d  to  p = 0 .  R a te  c o n s ta n t s  a t  p = 0 , kQ, a r e  ob­
t a in e d  and t a b u l a t e d  i n  Table 21 a s  k*, k * f , and k V  1 • Theno* o 9 o
th e s e  v a lu e s  a r e  p l o t t e d  a g a in s t  th e  c o n c e n t r a t io n
o f  p y r id in e  i n  F ig u re  12 ,w hich i s  e s s e n t i a l l y  th e  same as  
F ig u re  7 .  A s e r i e s  o f  k^ v a lu e s  g iv e s  th e  m ost r e a s o n a b le  
l i n e ,  b ec au se  i t  p a s s e s  th ro u g h  an o r i g i n  when th e  c o n c e n t r a ­
t i o n  o f  p y r id in e  i s  z e r o .  However, n e i t h e r  n o r  k "  1
p a s s e s  th ro u g h  th e  o r i g i n .  This cou ld  imply t h a t  th e  th e o ry
£  |
and th e  e q u a t io n  w hich g iv e  c a l c u l a t e d  v a lu e s  o f  kQ m ight be
th e  r i g h t  one f o r  magnesium m e ta l  l a  t i o n .  I t  i s  th e  e q u a t io n
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C o n c e n tra t io n  o f  i y r i d i n e  (xlO^M)
F ig u re  12. P lo t  o f  k Q v s .  c o n c e n t r a t io n  o f  p y r id in e .
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on Debye-Hiickel t h e o r y ,  f o r  th e  r e a c t i o n  in v o lv in g  two 
cha rged  i o n s .  I f  t h i s  l a s t  s ta te m e n t  sh ou ld  be r i g h t ,  i t  
w i l l  c o n t r a d ic t ;  th e  mechanism proposed  by th e
a u t h o r .  The a u th o r  d e te rm in ed  p re v io u s ly  th e  r a t e - c o n t r o l ­
l i n g  s t e p  a s  f o l lo w s :
MgPH+ * B MgP -i- BH*
This i s  th e  r e a c t i o n  in v o lv in g  io n  and m olecu le  t h a t  i s  
supposed to  f i t  a ty p e  o f  e q u a t io n  4 -3 0 . However, h e re  i s  
one th in g  t h a t  must be k e p t  i n  mind. I t  i s  t h a t  th e  fo u r  
e q u a t io n s  4 -2 8 ,  4 -2 9 ,  4-30, and 4-31  th em se lv es  a r e  d e r iv e d  
from v e ry  l im i t e d  i o n i c  m odel. T h e re fo re ,  th e  a u th o r  would 
r a t h e r  em phasize hav ing  succeeded  in  s e p a r a t in g  c a t a l y t i c  
e f f e c t  from t o t a l  s y n e r g i s t i c  e f f e c t  caused  by b o th  s a l t  and 
c a t a l y s t  th an  d i s c u s s  th e  v a l i d  a p p l i c a b i l i t y  o f  Debye- 
Huckel th e o ry  f o r  magnesium m e t a l l a t i o n .
The meaning o f  th e  s a l t  e f f e c t ,  in  o th e r  w o rd s , th e  
ch em ica l s i g n i f i c a n c e  o f  th e  s a l t  e f f e c t ,  sh o u ld  be d is c u s s e d  
to  some e x t e n t .  S a l t  e f f e c t  d is c u s s e d  th u s  f a r  i s  a p r i ­
mary s a l t  e f f e c t jw h ic h  means t h a t  th e  a c t i v i t y  o f  each  
r e a c t a n t  i s  i n f lu e n c e d  by added s a l t .  F ig u re  13, however, 
p r e s e n t s  a n o th e r  p e c u l i a r  s a l t  e f f e c t  which cou ld  be i n t e r ­
p r e te d  by th e  p r im ary  s a l t  e f f e c t .  When log  k /k Q i s  p l o t t e d  
a g a i n s t  f u 9 s a l t  e f f e c t  i s  seem ing ly  a f u n c t io n  o f  p y r id in e  
which i s  used  a s  c a t a l y s t .  The lower th e  c o n c e n t r a t io n  o f
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p y r i d i n e ,  th e  more s e n s i t i v e  th e  r a t e  i s  to  th e  change o f  
i o n i c  s treng th®  I f  t h i s  phenomenon were e x p la in e d  in  term s 
o f  p r im ary  s a l t  e f f e c t ,  i t  can be s a id  t h a t  th e  i o n i c  
s t r e n g t h  in f lu e n c e s  th e  a c t i v i t y  o f  p y r id in e  n eg a tiv e ly ^  b u t 
p o s i t i v e l y  th o s e  o f  any o th e r  r e a c t a n t s .  But in  t h i s  
sy s tem  p y r id in e  i s  n e u t r a l  m o le cu le ;  th u s  p y r id in e  shou ld  
be a f f e c t e d  by i o n i c  s t r e n g t h  to  a l e s s e r  e x t e n t .  In  any 
c a s e ,  in  t o d a y 's  chemistry^ s a l t  e f f e c t  on a c t i v i t y  i s  n o t  a 
c l e a r  c o n c e p t  in  i t s  chem ica l s i g n i f i c a n c e  (1 2 6 ) .
R e w rit in g  th e  r e l a t i o n  d is c u s s e d  above , th e  fo l lo w in g  
e q u a t io n  can be o b ta in e d .
log  k /k Q = h J u  (4 -3 3 )
This i s  th e  e q u a t io n  t h a t  can c o r r e l a t e  th e  r a t e  o f  
c a t a l y t i c  r e a c t i o n  w ith  i o n i c  s t r e n g t h .  L i s  a c o e f f i c i e n t  
w hich r e p r e s e n t s  th e  s e n s i t i v i t y  o f  c a t a l y s t .
The a u th o r  used  t e n t a t i v e l y  e q u a t io n  4-28 to  s e p a r a te  
c a t a l y t i c  e f f e c t  from th e  t o t a l  r a t e  r e a c t i o n ,  and now i t  i s  
a p p a re n t  t h a t  such r e l a t i o n  e x i s t s .  S ince  i t  i s  v e ry  d i f f i ­
c u l t  to  c o r r e l a t e  th e  r e a c t i o n  system  o f  magnesium m e t a n a ­
t i o n  w ith  th e  v e ry  l im i t e d  Debye-Huckel sy s tem , th e  a u th o r  
would l i k e  to  r e p o r t ,  w i th o u t  any c o n s id e r a t i o n  o f  Debye- 
Hiickel th e o r y ,  t h a t  t h e r e  i s  an e m p i r i c a l ly  in d u ced  r e l a t i o n  
between c a t a l y t i c  r a t e  c o n s ta n t  and i o n i c  s t r e n g t h  a s  
e x p re s s e d  above . C o e f f i c i e n t  L, which th e  a u th o r  p roposes 
to  c a l l  "Lucas c o e f f i c i e n t " ,  r e p r e s e n t s  th e  s e n s i t i v i t y  o f  the
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c a t a l y s t  to  th e  r e a c t i o n .  As re c o g n iz e d  from F ig u re  13,
Lucas c o e f f i c i e n t  i s  a f u n c t io n  o f  c a t a l y s t  c o n c e n t r a t io n  
and a l s o  co u ld  be q u i t e  in f lu e n c e d  by th e  ty p e  o f  r e a c t i o n .
I f  more e m p i r i c a l  d a ta  w ere c o l l e c t e d  ab o u t Lucas 
c o e f f i c i e n t  o f  p o rp h y r in  i n s t a l l a t i o n  a s  w e l l  a s  o f  v a r io u s  
o t h e r  c a t a l y t i c  r e a c t i o n s ,  th e  co ncep t o f  Lucas c o e f f i c i e n t  
p e rhaps  w i l l  e x p la in  some o f  th e  ch em ica l s i g n i f i c a n c e  o f  
c a t a l y s i s •
In  copper  m e t a l l a t i o n , n o t  much has  been ac co m p lish ed . 
Prim ary r e a s o n  i s  t h a t  TRIS forms complexes w i th  copper as  
w e l l  a s  a c t  a s  a c a t a l y s t  to  remove p r o to n s .  As i n d i c a t e d  
i n  Table 13, t h e r e  i s  no c o n s i s t e n t  tendency  between th e  
c o n c e n t r a t io n  o f  copper  and TRIS. When th e  c o n c e n t r a t io n  o f  
TRIS was f o u r  t im es  as  l a r g e  a s  t h a t  o f  co p p e r ,  th e  r a t e  o f  
copper  m e t a l l a t i o n  was th e  f a s t e s t  among ex p e r im en ts  t r i e d ,  
i n  which c a se  th e  r a t e  c o n s ta n t  was 796 H” ^ h r” ^. However, 
when th e  c o n c e n t r a t io n  o f  TRIS was in c r e a s e d  to  c a .  20 tim es 
a s  l a r g e  a s  t h a t  o f  co p p e r ,  th e  r a t e  d e c re a se d  to  4.72 
and f u r t h e r  in c r e a s e  d id  n o t  seem to  change th e  r a t e  d r a s t i c ­
a l l y ,  When th e  c o n c e n t r a t io n  o f  TRIS was h a l f  o f  t h a t  o f  
c o p p e r ,  th e  r a t e  was 2 1 .8  M” ~hr~^. A p p aren tly  th e r e  i s  an 
i n d i c a t i o n  t h a t  th e  r a t i o  o f  c o n c e n t r a t io n  o f  copper  v e r s u s  
TRIS i s  v e ry  c r i t i c a l .  T h e re fo re ,  th e  a u th o r  b e l i e v e s  t h a t  
f i r s t  th e  s t a b i l i t y  c o n s ta n t  o f  copper and TRIS complex shou ld  















Py  = 2 9 .0  x 10~ 3 M
iy  5  4 6 ,4  x 10 M
F ig u re  13•
/ p  x 1 0  
P lo t  o f  log  k /k Q v s .  f y i .
Cu(H2 0 ) 2+ + TRIS 7—» CuCHgOJgCXRIS)2* KL
Cu(H20)3 (TRIS)2+ + TRIS Cu(H2 0 ) 2 (TRIS)2+ ^
In  copper  m e t a l l a t i o n ,  w a te r  (10 m ole% )-acetone s o lu t io n  was 
u s e d ;  th u s  a c e to n e  m o lecu le  a l s o  co u ld  be c o o r d in a t in g  s p e c ie ^ .
When th e  mole r a t i o  o f  copper  v e r s u s  TRIS was changed 
from 2 / 1  to  1 / 6  a t  th e  c o n s ta n t  c o n c e n t r a t io n  o f  copper 
(5 .8 2  x 10 M), th e  fo l lo w in g  ab so rb a n ce  s p e c t r a  shown in
r,






















F ig u re  14. V i s i b l e  s p e c t r a  of  copper complexes 
w i th  TRIS.
d i f f e r e n t  complexes were formed as th e  c o n c e n tra t io n s  of
two s p e c ie s  were changed . There i s  a c l e a r  change between 
1/3 and 1 /4 .  U sually  copper  forms sq u a re  p la n a r  c o o r d in a t io n
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compound, b u t  TRIS may bump each  o t h e r  s t e r i c a l l y ,  which 
makes s p e c t r a  more c o m p l ic a te d .  T h e re fo re ,  TRIS was a r a t h e r  
poor c h o ic e  a s  amine s p e c i e s .  In  any ca se  th e  a u th o r  s u s p e c ts  
t h a t  s t a b i l i t y  c o n s t a n t  f o r  each  complex f i r s t  sh o u ld  be 
o b ta in e d ;  b ased  on t h i s  s t a b i l i t y  c o n s t a n t ,  th e  r a t e  c o n s ta n t  
co u ld  be d e te rm in e d .
In  th e  l a s t  p l a c e ,  th e  a u th o r  d i s c u s s e s  b r i e f l y  th e  
l i m i t  o f  e r r o r  i n  th e  e x p e r im e n ts  o f  t h i s  t h e s i s .  The f o l ­
lowing com plem entary e x p e r im e n ta l  e r r o r s  w i l l  c o n t r i b u t e  to  
th e  t o t a l :  t h e  sam pling  e r r o r ,  th e  a n a l y t i c a l  e r r o r  and th e
in s t r u m e n ta l  e r r o r .  F i r s t ,  t h e  sam pling  e r r o r  means e r r o r  
caused  by p r e p a r in g  s ta n d a r d  s o l u t io n s  and m ix ing  them. I t  
i s  v e ry  h a rd  to  e s t im a te  t h e s e ,  b u t  th e  a u th o r  b e l i e v e s  
p ro b ab ly  two to  t h r e e  p e r c e n t ,  b ecau se  e r r o r s  due to  p i p e t t ­
in g  o r  w eigh ing  can be b e l i e v e d  l e s s  than  a few p e rce n t*
The e r r o r  due to  th e  a n a l y t i c a l  method i s  a b o u t  two p e r c e n t  
on th e  a v e ra g e  a s  t e s t e d  i n  Table 7 and 8 . However, th e s e  
t e s t s  were made w ith  th e  same c o n c e n t r a t io n  o f  th e  s ta n d a rd  
sa m p le s .  I f  t h e  c o n c e n t r a t io n  o f  each  s ta n d a r d  s o l u t i o n ,  
e s p e c i a l l y  th e  c o n c e n t r a t i o n  o f  PyH* and Iy ,  i s  d i f f e r e n t ,  
i t  may ca u se  a b ig g e r  e r r o r  w hich can be n o t i c e d  in  F ig u re  5 
( i . e .  th e  l i n e a r  c u rv e s  do n o t  p ass  th ro u g h  th e  o r i g i n ) .
n
T h e re fo re ,  t h i s  e r r o r  due to  th e  a n a l y t i c a l  method cou ld  
a l s o  be b ig g e r  by a few more p e r c e n t  in  some c a s e s .  R egard ing
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i n s t r u m e n ta l  e r r o r ,  Beckman DU sp e c tro p h o to m e te r  i s  a v e ry  
o ld  i n s t r u m e n t ,  so t h a t  th e  s t a b i l i t y  o f  a n e e d le  i s  n o t  
good . In  some o f  th e  w o rs t  c a s e s ,  i t  i s  a lm o s t  im p o s s ib le  
t o  m easure a b so rb a n c e s  a c c u r a t e l y  because  o f  f l u c t u a t i o n s  
o f  a  n e e d le .  The a u th o r  m easured th e  same a b so rb a n ces  two 
o r  t h r e e  tim es  in  such c a s e s  and took  th e  av e ra g e  v a lu e  o r  
even r e p e a te d  m easurem ents in  some c a s e s .  Hence, th e  a u th o r  
b e l i e v e s  t h a t  a t  l e a s t  two s i g n i f i c a n t  numbers a r e  s u r e  and 
th e  t h i r d  number co u ld  in c lu d e  an e r r o r  o f  t  3 ,  which w i l l  
make t h i s  com plim en tary  e r r o r  two to  t h r e e  p e r c e n t .
A l l  o f  t h e s e  e r r o r s  c o u ld  o c c u r  in d e p e n d e n t ly ;  th u s  th e  
t o t a l  e r r o r s  m igh t amount to  s i x  to  te n  p e r c e n t .
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APPENDIX
E x p la n a t io n  of E x p er im en ta l  Number
— paa>—j* * w i<naw>M<«i»n»gjnnTi!tiie-a e w .l th ium w m  i n r w ti i iih hiiĥ h  hi mmi.hw  rum rnnnnniMr^n x q w a n W iw iMMt w w  
Four f i g u r e s  a r e  used  to  r e p r e s e n t  e x p e r im e n ta l  numbers 
w hich a r e  composed o f  th e  fo l lo w in g  th r e e  n o t a t i o n s .
Every f i r s t  f i g u r e  means a s p e c ie  o f  a m e ta l  io n  em ployed: 
l« c o p p e r  ion* 2-sodium  ion^and  3-magnesium io n .
The second f i g u r e  d en o te s  a s o lv e n t  u se d :  1 -a c e to n e ,
2 -w a te r  ( 1 0  mole % )-ace tone  (90 mole %).
The t h i r d  and th e  f o u r th  f i g u r e s  i n d i c a t e  th e  number o f  
e x p e r im e n ts ,  e . g . ,  R-3120 means magnesium m e t a l l a t i o n  in  
a c e to n e  and th e  2 0 th  r u n .
L e a s t  Square Method
minimum, th e y  a r e  th e  v a lu e s  to  g iv e  th e  most r e p r e s e n t a t i v e
Assume t h a t  th e r e  i s  th e  fo l lo w in g  r e l a t i o n  between
I f  we can d e te rm in e  a and b which make
128
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l i n e a r  cu rv e  f o r  e x p e r im e n ta l  d a t a .
_ 2 J L  = 0  = 2 a 2 4  + 2 b -  2^ x i y i
9  cL
-  0  -  2a5~Xi + 2 bn -  2  /
9 b  ^  ^
S o lv in g  t h i s  s im u l tan eo u s  e q u a t io n ,
a  = n ^ H y i  " Z x i Z y j
» Z 4  -  ’
.  1 st Z ?t -  Z xi Z x i y ib =
n Z xi  ■ ( Z xi>'
As an example,  th e  c a l c u l a t i o n  of  an e x t i n c t i o n  c o e f f i c i e n t  
o f  p r o to p o rp h y r in  d im e th y l  e s t e r  a t  504 mji i s  g iv e n ,
x i  y t  xi  x i y i
C o n c e n t r a t io n  Absorbance 
o f  PH2 (jjM)
39 .6  0 .620  1563.16 24 .55
35.2  0 .5 5 4  1239.04 19.50
2 6 .4  0 .418  696.96  11.04
17.6 0 .279  309.76 4 .9 1
13.2 0 .200  174.24 2 .6 4
8 . 8  0 .145  77 .44  1.28
6 . 6  0 .109 43.56 0 .72
5 .3  0 .088 27 .88  0 .4 7
152.7 2 .413  4137.04 65 .10
8 (6 5 .1 0 )  -  ( .152.7X2.413.)  - 3
3  8 (4 1 3 7 .0 4 )  -  (1 5 2 .7 )” * 6  x 1 0
. _ ( 4 1 3 7 .0 4 X 2 .4 1 3 ) -  ( 1 5 2 .7 ) ( 6 5 .1 0 )  _ „ n o / „
8 ( 4 1 3 7 .0 4 ) -  ( 1 5 2 .7)x
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Porph ine C h lo r in
t y p e
Porphine
Compound
C h lo r in
Phorb in
; ^ t i o p o r  p h y r in  I  
£&tio.por p h y r in  I I  
^ , r j / ,rat e t r a «  
phenyIpo rph ine  
i y r r o p o r p h y r in  
PhyXloporphyrin XV 
Mesoporphyrin IX 
D eute ropor  p hy r in  
-IX d im e thy l  e s t e r  
d i s u l p h o n i c  a c i d  
Haematoporphyrin  IX 
Bro to p o r ph y r in  IX 
Rhodoporphyrin IX 
Coproporphyrin  I 
U roporphyr in  I  
F h y l l o e r y t h r i n
i S ) t i o c h l o r i n  I I  
Phy1l o c h l o r i n
H iaeophytin  a
C h lo ro p h y l l  a
NH
S u b s t i t u e n t  
P o s i t io n  
1  2 3 4 5 6  7 8
M S M S M S M S
M S S M M S S M
H H H H - H H H H
M S M S M H P M
M S M K M H P M
M S M S M P P M  
M S M S M P PM
M B M B M P P M 
M V M V M P P M  
M S M S M C P M
M P M P M P M P
A P A P A P A P  
M S M S M P M
M S S M M 5 S M
M V M S M H P M
O ther
S u b s t i t u e n t s
~ ~ phenyl
r  s m




phaeophy t in  a
6 -(-CO-CH2 - ) '
M
9 ( -C = 0 )
10(-COOCH3 )
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